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was scarcely conceived. The understanding of some of tip 
problems and solutions is not easy ; the mind of a Bcrzelh s 
Js not sounded without resolute effort. 

The first two chapters arc much compressed. Until the 
beginning of the se'|cntcenth century the work of the laboratory 
was purdfy empirical or guided by a philosophy w''hicli may 
be expressed in a few lines; modern science has little kin- 
ship with that of Geber or Paracelsus. Nor are the labours 
of Blackj Priestley, and Cavendish so difficult of appieciation 
or of such educative value as to demand much space. But 
with Lavoisier one enters into the province of the new 
chemistry with its quantitative methods and reasoned 
terminology. 

• This book is offered to the reader without apology. I 
hope tliat whatever its faults may be, the student of chemistry 
may denve pr«fft by learning something of the mind, the 
method, the efWi^prisq, and the energy of the great fathers 
of the science, and be stimulated by their example to become 
a faithful guardian of his inheritance from the past, and him- 
self a zealous worker for its advancement in the future. It 
may reasonably be maintained that the subject of these pages 
should form a necessary part of the mental equipment of 
every true chemist. The domain of chemistry is so vast 
and so complicated that much of our information must 
necessarily be at second hand. And the terijis of the 
chemist— his alkali, his acid, his atoms, moleculesy equiva- 
lents, his valency and basicity — are each the product of 
many a life’s work. To have used them, and used them 
often, is not necessarily to have understood them nor to 
have become emancipated from the dogmatism of the 
elementary text-book. For the young a little dogma is 
expedient, and indeed essential ; but for the serious student 
there can be no substitute for some knowledge of Lavoisier, 
Dalton, Berzelius, Liebig, Gerhardt, and Kekuld. 

It is not the knowledge how this, that, or the other man 
discovered this, that, or the other substance by some odd 
chance which makes tlie history of chemistry wbrth the 
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t)aper it is printed upon ; it is rather the appreciation of how^ 
vhis, that and the other fact, when read acutely, suggested 
and ratified generalization. Induction, generalization, deduc- 
tion, are processes to be followed historically, or chemical 
science will lose much of its significance# and its terminology 
delude rather than assist the thoughtful inquirer. •Each day 
brings a new problem to the man of science. The means 
by which these problems are attacked may be very different 
from those at the command of our fathers ; but the mind 
which directs them has scarcely become more acute during 
the hundred years that have made chemistry an almost exact 
science. It is well worth while to learn how this mind in its 
loftiest form regarded and fought with problems which are 
successively presented to the student Suring his pupilage and 
to which his own investigations in every subsequent .year will 
offer the closest analogies. ' ^ 

In conclusion, I would offer ackno^gv^led^onts and warmest 
thanks to my friends Mr. G. G. Loane and Mr. T. W, Gould 
for the care they have expended in watching this volume 
through the press, 

F. P. ARMITAGE. 


August, 1906 , 



PREFACE 


That some knowledge of the history of chemical science 
is necessary for the true understanding of that science is 
suggested by the inclusion of historical data in all the best 
chemical text-books of the day, oi^anic, inorganic, apd 
physical. Necessarily it is the larger books only &at are 
furnished with such details, and these books ar^ not in 
every one’s hands ; the historical notices either isolated 
and often of merely antiquarian interest, or, when gathered 
into a continuous narrative, must sacrifice liveliness to 
compression. The complete histories of the science are 
very large, and written in a foreign language, or, like that 
of Ernest Meyer, are so excessively comprehensive as to 
conceal the development of main issues from those whose 
opportunities for study are limited. 

I trust.that I have told and transcribed enough in these 
pages to* enable the reader with* some thought to gauge the 
niceness of experiment, the rigour of logic, the inevitability 
of conclusion, which have made the chemistry of to-day. So 
much of what follows is based on the classical works of 
Hermann Kopp and Hoefer, and affected by the later work 
of Ernest Meyer, that the references given to these must by 
no means be taken as complete. In all cases, where possible, 
authorities have been made to tell their own story. The 
nomenclature and notation used are those of the times 
described. To have modernized them would certainly have 
simplified reading, but would have suggested that a most 
powerful instrument for progress existed in times when it 
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A HISTORY OF CHEMISTRY 


CHAPTER I 

FROM EARLIEST TIMES TO THE DOWNFALL OF 
lATRO-CHEMISTRY 

A moment’s thought on the nature of chemical facts convinces 
us that their recognition was coeval with the dawar-of* human 
intelligence. Even during that stage transition which 
separated him from the brute creation, man must have appre- 
ciated the beneficial or harmful effect of many naturally 
occurring substances. 

It was most probably in Egypt that these facts were first 
intelligently sought after and grasped, for it is in the records of 
the Egyptians that we first find traces of any definite aim — that, 
namely, of transmutation. Indeed, the very name “ chemistry ” 
is evidence jin favour of accepting Egypt’s priority as the home 
of chemical science, for it is from her ancient appellation 
“ chemia ” that the word appears to be derived, though it is 
not mentioned as signifying a definite science till the first half 
of the fourth century. Yet some form of the word was mean- 
while applied in Arabia to the body used in transmutation, the 
philosopher’s stone. From Egypt the science spread westward 
to Rome and beyond. " 

There is evidence of the Chinese also having paid attention 
to the facts of chemistry at a very early date, though their 
isolation prevented any effect of their discoveries being felt 
outside ti^J'pwn country. 
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At the beginning of our era chemical knowledge dpi not 
extend beyond the manufacture of such articles as gla^,' soap,, 
dyes, and the preparation and purifying of such (easily reducible 
or naturally occurring metals as gold, silver, iron, lead, and 
copper. Still, Ihe manufacture of glass and soap presupposed 
that of potash and soda, and the fixing of dyes necessitated 
some knowledge of alum. Other pi epai aliens too were used 
for medicinal purposes, verdigris and white lead being employed 
in salves. Iron had beeit long recognized as a valuable tonic, 
burning sulphur as a purifying agent All testified to a 
considerable power of empirical obseivation. 

Nevertheless as yet there had appeared no attempt at 
systematizing the ^knowledge of chemical foots so gained. 
Systems of philosophy dealing with the ultimate composition of 
n^itter there had long been, but these exercised no influence 
on the%OTrk of the laboratory. Of these philosophies one only 
is to be consider©^ here, that which owed its general accept- 
ance, if not its origin, to Aristotle. 

Aristotle maintained the four elements, earth, air, fire, and 
water, each of which was distinguished by two specific properties, 
earth and water combining that of cold, fire and air that of 
heat with dryness and wetness respectively. One w’-as to 
attempt the isolation of these elements ; they were rather to be 
considered as abstract qualities exhiliitcd by one primordial 
matter. The immediate influence of this theory on the 
chemistry of the ancients was small; yet it did mndi to prepare 
men’s minds for the reception of a belief in transmutation, and 
proved so of much value. It was not till the middle of the 
seventeenth century that its sway was finally rejected. 

We thus find at the beginning of our era a considerable 
knowledge of chemical facts, and a theory which, though 
independent of these facts, yet joined with them in focussing 
men’s minds on one cardinal issue, the transmutation of 
metals* 

Our knowledge of the genesis of alchemy is small; the 
oldest records, those of the Egyptian papyrus at Leyden, only 

a 



go ba* to the third century, and mcndy consist of a niimbcT 
of recipes, couched in symbolic and unintelligible language, 
for the preparation and purifying of various metals, with infor- 
mation on the art of glass-making, gilding, andtlie duplication 
of gold The mysticism in writing was indeed a necessity of 
the time, for it was a heinous crime to reveal secrets of alchemy 
or metal-woxking to others than the sons of kings, or priests. 

But we require no records to understand how many and 
obvious are the chemical phenomena which might well have 
suggested a belief in the possibility of transmutation. The 
deposition of metallic copper on iron immersed in its solution 
must have converted many, and to those still doubtful even 
more direct evidence was afforded by the discovery of gold and 
silver nodules after cupellation of chance specimens of leadt 
Finally, a firm belief in Aristotle's doctrine of the eleiTltnfls, the 
ocular demonstration of Egypt’s colossal wca^h^ and a rooted 
prejudice in favour of every species of occultism, would remove 
from the most sceptical the possibility of doubting tlir 
testimony afforded by inscriptions on their (‘oliimns. 

The devastation of the temple of Serapis by the Romans 
brought the sacred art of alchemy to Athens, where its 
investigation was suppressed by Justinian in 529. Constan- 
tinople became then the centre of its activity, and it was by 
virtue of their c;ommerce with this city that the Arabs became 
acquainted witli the idea of transmutation in the eighth century. 


Any knowledge that we possess of the manner of rcseardi 
during this long period is derived from a number of writers, 
the earliest of whom lived at the beginning of the third century* 
These writings, like those of the papyrus mentioned above, are 
^ to a great extent incomprehensible. ** The moon is pure and 
divine when one secs the sun shining on its surface/* This, 
f the statement of Zosimus, is somcwlial enigmatical, hut yti 
luminous than was customary, and seems to refer to the 
madden appearance of metallic brilliancy during the final stage 
the cupellation of silver. 

Such classification of bodies as there was among the 
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among the Egyptians was based on modes of preparation, rathe/* than 
Egyptians, chemical properties. Gold, silver, iron, lead, lapi/lazuli, 
* emerald, all bodies in fact distinguished by glance or rarity, or 
which were preduced by the agency of fire, were brought 
together under the one heading “ metal.” Gold and silver were 
regarded as alloys, and indeed such was often the case, for 
Nero was the first sovereign who seems to have demanded pure 
gold. Lead with the Egyptians occupied the same position as 
mercury with the later alchemists ; it was the hermetic body 
^ar excellence. 

The The fact that a small addition of some substance induced a 

philoso- definite colour in a large mass of glass or metal had already 
stone! • led to a belief in the philosopher’s stone, a substance whose 
'“■addition to some base metal would convert the whole into 
silver Btr^ld. But it was not till later that its full powers, 
transmuting and «jedicinal, obtained recognition. 

Scientific The eighth century saw the planting of scientific culture in 
activity in Spain, brought about through the founding of an Arab 
Caliphate at Cordova; whence sprung those famous univer- 
Geher’s sides of Cordova, Seville, and Toledo. It was at Seville, and. 

probability during the second half of the eighth tentury, 
that the physician Geber carried on his great work. In his 
writings, which, contrary to the then establi|Jied code, are 
mostly quite intelligible, are described for the first time the 
preparation of sulphuric acid by the distillation of alum, and 
of nitric acid by the action of this sulphuric acid on saltpetre. 
By the addition of nitric acid to salmiac he obtained the so- 
called aqua regia. Geber, moreover, prepared potash and 
soda by the incineration of tartar and sea plants respectively, 
and by their actiorl on his acids was led to the discovery of 
many new salts. He possessed an extensive knowledge of 
the oxides and sulphides of various metals, and described 
the whitening of copper by fusion with white arsenic; and 
■ also the purification of sulphur by solution in alkali and 
subsequent precipitation with vinegar. He enriched chemistry 
by his observations on the amalgamation of many metals by 
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merciry, and particularly by his description of new and 
impro^d forms of apparatus. Especially was this the case 
with regard to those recj^uired in ^distillation, liltratioii, and 
cupellation. 

Not only was Geber a pioneer on the practical side of his Gebci^s 
science; his endeavour to give the puisuit of alchemy' some 
theoretical foundation resulted in a theory of metallic compo- 
sition which, in a more or less modified form, remained the 
common basis of alchemical labour till finally shattered by 
Boyle. At the beginning of our era Dioscorides had spoken 
of mercury as a necessary component of all metals ; the only 
other component Geber now decided must be sulphur. One 
was not, however, to regard the mercury ^d sulphur, so well 
known in the concrete form, as the elements in question ; rather # 
were these latter of an abstract nature — metaphysical 
stances ; mercury, something which conferred glance, ""ft5sil)iiity, 
and metallic properties in general ; sulphur, tiTat which conferred 
alterability by fire. And this conception differed from all 
previous in that it was based on observation. The power 
which mercury possesses of dissolving many metals was due 
to an affinity, a likeness, between them, and the production 
of a veritable tin by the combination of mercury with lead was 
further indication of the common genesis of metals ; again, I iw 
sulphurous smell observed on the calcination of tin was very 
cogent evidence of the presence of sulphur. 

The breaking up of the Caliphate of Bagdad in the middle Arabian 
of the thirteenth century, with the subsequent attacks of 
Christendom on its Spanish dependencies, proved the death- the mkidle 
blow of Arabian science. Yet, though none of its votaries had 
ever approached Geber in originality of thought or wealtli of century, 
discovery, they had carefully spread the good seed, and spread 
it, too, on rich ground. The Spanish universities had been 
sought diligently by aspiring students from England, France, 
and Germany, and it was to their hands that the welfare of the 
science was now worthily entrusted. 

The thirteenth century was especially rich in alchemical Magnus 

- Bacon, 



Villanova- labours. Among those who worked hard to imprcj|> the 
nus, and popular mind with a belief in the power of their art the:^ stand 
^ out four very distinctly. These, Albcrtus Magnus, Roger 

Bacon, Arnaldus Villanovaniis, and Raymond Lully, during 
their wandering and persecuted lives had little opporiimiiy to 
extend the knowledge of purely chemical facts, yet something 
they did. Indeed, the discovery of gunpowder has been 
ascribed to Magnus, though it is more than probable that he 
derived his information from one Marcus Gimciis, a Byzan- 
tine writer of the eighth century, who jeft a recipe for the 
preparation of an improved form of Greek fire. Magnus knew 
of the separation of silver from gold by treatment with nitnc 
acid, and also of the sublimation of sulphur and arsenic on 
strongly heating various ores. Bacon, too, prepared arsenic 
its sulphide by the action of iron, and was the first to 
distingfW^ between alum and vitriol. Villanovaniis recognized 
the inflammability^ of alcohol, and knew how to prepare it from 
red wine by distillation, an art in which he was well advanced ; 
while Lully showed how the spirit might be dehydrated by 
distillation over potashes. 

Basil ^ No other name of importance strikes us in the history of 

Valentine. fifteenth century we are met fay lhat of 

Basil Valentine, whose genius prepared the way for the new 
chemistry, a chemistry which was to have as its object, not the 
transmutation of base metals into gold, but the itreparation and 
intelligent prescription of medicines. Let us halt a while that 
we may the better gauge the merit of his activities. 

General During all these centuries the evolution of chemistry as a 
t^e pOTsuit necessarily been very slow, for the chief aim of its 

of afcheiny exponents, the production of gold, was incompatible with real 
on chemis- progress. No intimate knowledge of the composition of the 
various preparations used seemed necessary to a successful 
issue, and in consequence none was striven after. The pre- 
valent belief in transmutation bore on this point still more 
directly ,* one must remember that while the production of the 
mild alkalis by the incineration of plants had been long known, 
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few Regarded them as present in the original substance. A 
few I'^j^etals, however, as antimony, zinc, and perhaps bismuth, 
had been added to the list, and their actions on various acids 
observed ; but this was all. Yet one marks a notable innova- 
tion in the employment’’ of the balance which had been insti- 
tuted by law in all processes of cupellation and cemeiltation 
of the noble metals. How little indeed the prosecution of 
hermetic art could necessarily have to say to the advance of 
chemical science will appear if we consider the nature of its 
methods a little more closely than has as yet been feasible. 

Almost the entire interest of the adept was centred in the i tie 
preparation of the philosopher's stone. According to Geber, 
before transmutation was complete, his three so-called medicines chemical 
had to be applied. The first of these ^produced merely a labours, 

temporary change in the base metal, the second a part^l 
transmutation ; but it was only after the addition third, 

the great elixir, the philosopher's stone, that a real consumma- 
tion was attained- For the preparation of this last every 
conceivable substance was brought into requisition; fortune 
might favour any chance fusion or mixing- After Geber the 
procedure of alchemy became much simpler. The stone, or 
rather powder, red or white, according as gold or silver were 
to be produced, was now thrown on the metal — lead or mercury 
was preferred — the whole worked together, and finally poured 
out as pure^old or silver. It was Lully who ascribed the 
greatest pwers to the stone ; were the sea of mercury, by 
means of this stone he would convert it into gold. 

Geber had not regarded his great elixir as endowed with The pbi- 
any peculiar medicinal virtues, but in the thirteenth century we ston?a?a 
find Villanovanus and Lully extolling its sovereign powers universal 
against aft human ills, though the former was sufficiently modest 
to allow more time for the cure, the greater lengths the disease 
had run. Villanovanus even regarded gold in solution as a 
medicine, potent for good. 

Yet it was not till the seventeenth century had set in, says Alchemy 
the alchemislic historian, Schmieder, that alchemy reached 

its zenith. He will admit a possibility of doubt as to the gious cle- 
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credibility of the adept’s work in times gone by, but the nw,net'« 
ous transmutations of Alexander Setonius Scotus pcrf^'lmed 
between the years 1602 and 1604^ in presence of chemists, 
medical men, and city magnates, were beyond dispute, liul 
the history of abhemy in those later times concerns chemistry 
little* The once sacred ait had become the trade of men, 
the majority of whom wmre mere charlatans, with often good 
cause to rue their temerity in deceiving too credulous patrons. 
Germany was overrun with these dei^redators, whose small 
princes found their finances in so evil a state that they were 
led to look with favour on the seductive art, and then, after 
wasting their substance in fruitless experiment, to wreak their 
fury on its pretended adepts. 

Lully’s writings’^ had made it a matter of faith among 
Viyiemists that a man must be predestined to favourable 
results. there was found reason in' their custom of offering 
up prayers before each experiment, the relic, perhaps, of a 
time when the duration of an operation was estimated by the 
number of paternosters and aves that could be repeated the 
while. Analogy, too, was found between the transmutation 
of metals and that of the human body ; life, deatli, and resurrec- 
tion thus came to be regarded as mere alchemistic feats of 
a superior order. 

The alka- Of a similar nature with the belief in the philosoplicr’s 

he$u stone was that in a universal solvent, Valentine^s alkahest, a 
belief which, however, only dates from the time ofdhc Rnglisii 
alchemist, Ripley, in the fifteenth century. To the alkahest 
were ascribed extraordinary medicinal properties in addition 
to that of bringing the most refractory substances, even gold 
and sand, into solution. It was variously described as a liquid 
and a solid, and was at different times supposed identical with 
hydrochloric acid, acetic acid, and potashes. 

Valentine In the work of Valentine we begin to recognize the leading 
tendencies of the following era. Who he was, where he lived, 
and when, remain enigmas ; still, tradition and the internal 
evidence of his writinsrs lead one to accept the second half of 
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the ^fifteenth century as his period. An edition of his works 
was 'first published during the early part of the seventeenth 
century. Kopp is of opinion that the whole may be considered 
a forgery, though^ indeed, he allows it difficult to understand 
why Tholde the publisher, if he were the cuiprit, should have 
given so many new facts to the world under an assumed name. 

In the famous Triumphwagen des Antiinons^ the first definite 
monograph on any element, are found accurate accounts of the 
preparation of metallic antimony by many different methods ; 
of Its sulphide, chloride, and oxide. The application of anti- 
mony sulphide to the puiification of gold from admixture with 
other elements is also mentioned, and a solution of the metal 
is highly extolled as a medicine. Valenline was the first to 
mention definitely bismuth and tin, and he showed considerably 
analytical skill in demonstrating the presence of gold in niifay 
of the common metals, and in so exposing some diTthc alche- 
mistic cheats of his day. And wc have, moreover, to thank 
him for the discovery of hydrochloric acid, which he prepared 
by the action of vitiiol on ordinary salt. 

Valentine's philosophy of composition was peculiar; he Valen- 
allowed but three elements, the sulphur and mercury of Geber, 
and salt, by this latter understanding a imnciple of stability 
and non-volatility under the action of fire; and not only did 
he find support for this philosophy in his knowledge of the 
mcials, but df all other matter, organic and inorganic. 

Pharmaceutical chemistry had hitherto made little progress; Chemistry 
some working theory of disease was needed as a spur. The 
ancient school of Galen still retained its authority, and chemi- healing, 
cal preparations were only used externally. It is true that at 
times the Greek physicians had ordered iron rust and chal- 
canthus (probably a mixed sulphate of iron and copper) to be 
taken internally; but oxide of zinc, arsenic, and lead pre- 
parations were only used in salves and ointments. It must be 
mentioned, too, that the Arabs Between the tenth and twelfth 
centuries had introduced the practice of distillation, by means 
of which the active principles of roots and herbs were isolated, 
and had recommended the use of the latter in place of the 
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nilural product. Beyond this, however, there had DeeMno 
advance. But Valentine brought change. Relying on 
experiment and observation of the medicinal effect of his 
preparations, he passed over the established school with 
contempt. He ifisisted on, and, by his successful prescriptions 
of antimony and mercury salts, to some extent demonstrated 
the fact, that the word poison is truly but a relative term. 

Valentine’s work was the natural precursor of revolution ; 
vicious or not, it raised issues which were paramount. At all 
times, to the majority, health of body has appealed more 
strongly than wealth of pocket. Where the philosopher’s 
stone, the alkahest, and soluble gold had all failed, a reasoned 
prescription of chciiiical compounds might succeed. With 
yalcntine’s successor, Paracelsus, there begins a new school 
eft^hemistry. 

The Period of Iatro-chrmistry (1493-1627) 

Paracelsus was born at Einsiedcln in Switzerland in 1493. 
Travel alone would satisfy his restless disposition, and it was 
not until he had visited almost every European country tliat 
he again appeared in his fatherland guised as a doctor. During 
his travels he had acquired a most extensive knowledge of 
chemistry, and was now determined to use this in his medical 
practice. He performed many wonderful cures, tint not with- 
out becoming embroiled with the civil authoritioi, owing to 
his unorthodox- prescriptions. Pie was driven forth, and, after 
still more extended wanderings, died in miserable circum- 
stances at Sab.burg in 1541. 

It was a new theory which led to the scientific pursuit of 
alchemy ; it was again a new theory which enabled chemistry to 
shake off the trammels of self-interested empiricism. Accept- 
ing Valentine^ philosophy of three elements— mercury, sulphur, 
and salt— and, like him, reading this into all matter indis- 
criminately, Paracelsus was able to give a theoretical basis to 
his sense of pathological phenomena. The animal body was a 
chemical compound of definite composition, and well-being or 
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sickness was determined by the proportions in which the three 
elerAents weie present j yet not wholly, for his pantheistic 
conception of life demanded the presence of some spiritual 
entity — Archeus, he called it — which should preside over 
the function of digestion. Should the sulphur increase in 
quantity, fever and plague would result, while accumulation 
of mercury or salt would be followed by paralysis or dropsy. 

On the slate of health or activity of Archeus depended the 
excretion necessary to soundness of body. As with Geber 
and Valentine, so with Paracelsus, the three elements were not 
so much definite substances with definite physical properties 
as abstractions, suggestive of qualities possessed in eminent 
degree by mercury, sulphur, and salt respectively. His state- 
ment, therefore, that there are as many mercuries, siilphur^i, 
and salts as there are organs in the human body is reaaily 
understood. 

The science of chcmistiy was now to be restricted to the Chemisiiy 
preparation of medicines, by the action of which the compo- ^andmlkl 
sition of an ailing body might once more be brought to its of medi- 
normal state. Paracelsus' Pharmacopoea included mercury in 
its metallic state and also in solution ; lead, antimony, and 
iron preparations ; also milk of sulphur. Arsenic was only to 
be applied externally. 

The empirical knowledge of Paracelsus was considerable ; Paracel- 
his criterion' of a metal was ductility, and he was therefore led 
to separate metals from half-metals, as he termed zinc and know- 
bismuth. lie considered that the difference between alum and 
vitriol came from the one being a compound of earth, the 
other of metal 

While Paracelsus was pressing his doctrines on all sides, The work 
and endeavouring to lead chemistry into a new channel, cola5494- 
another, Agricola, was quietly at work among the mines of 1555^ 
Saxony, utterly indifferent to all but the advance of his science. 

It is to Agricola's systematic observations that we trace the 
beginnings of the science of mineralogy. In metallurgy, also, 
he was a pioneer, the first to give a clear and succinct account 
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of the preparation of many metals. He taught the condensa- 
tion and purification of sulphur given off during the roasting of 
many ores^ the separation of silver from gold by means of 
nitric and sulphupc acid; the preparation of such bodies as 
salt; alyni; and saltpetre on a large scale. The apparatus 
described by Agricola and employed by him for the smelting 
and testing of ores were still in use at the end of the eighteenth 
century. Agricola stands out solitary among the men of his 
time as one pursuing chemistry from pure love of the science ; 
his work had no other aim than the increase of knowledge. 

The death of Paracelsus saw the beginnings of a spirited 
contest between hiSl^ disciples and the adherents of Galen. 
The former; lacking the genius of their master but none of his 
as^^rance, wTought such havoc by their indiscriminate pre- 
scription of the new medicines; that, the authorities of Paris 
passed; in 1566; a stringent edict forbidding their use. Notable 
voices were raised against their excesses ; Libavius and Sala, 
though embracing the main principles of the new chemistry, 
did nevertheless endeavour to sepaiate true scientific doctrines 
from a mysticism and seeming charlatanism which marred the 
writings of Paracelsus. Their practical work, too, was con- 
ceived in a manner more in accordance with honest intent. 
Thus Sala investigated the causes of reactions, showing Iiow 
no fulminate of gold was produced unless alcohol were present, 
while Libavius noticed that oil of vitriol preparcd*as hereto- 
fore and the liquid obtained by the action of nitre on sulphur 
were one and the same substance. Moreover, Libavius, as 
the author of his book Akkymia^ did much to spread abroad 
that full knowledge of known facts which could alone bring 
disillusionment 

A far more considerable task fell to the lot of Van Hei- 
mont Bom in Brussels in 1577, Van Helmont early Joined 
himself to the school of Galen. Dissatisfied, he turned to the 
doctrines of Paracelsus, and soon became their firm adherent 
His mind was saturated with mysticism, and his arrogance 
almost equalled that of his preceptor. He was somewhat 
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credulous too, as we gather from his believiug himself the 
possessor of a small quantity of the stone of proved virtue, his 
conviction that dirty linen packed in a vessel with flour would 
in time produce mice, and that a toad's bo^^ies applied to an 
offending part was a certain alleviator of pain. Yet it :5V'as this 
man who, by his views on the active juices of the stomachy laid 
the foundation of the first consistent theory of digestion, andj 
by his experiments on gases, introduced a new branch of 
chemistry. We have already come to the second stage of the 
iatro-chemical school. 

Helmont's conception of the elements differed from that Helmont’s 
of Aristotle and from that of Paracelsus^ To him fire was no 
element, for he considered the substantial part of flame ':?s water, 
mere ignited gas ; neither could he regard mercury, sulphur, 
and salt as the components of the animal body, for none 
of these substances were to be detected in it. On the 
other hand, water was everywhere and in everything. A 
vegetable placed in water with a weighed quantity of earth 
increased vastly in weight; yet nothing of this could come from 
the earth, whose weight remained constant throughout the 
experiment. Obviously some of the water must have changed 
to leaf and stem. Again, fishes fed on water alone lived and 
grew fat; their flesh, and probably that of all living creatures, 
must have come from another transmutation of the one element 
water, fiut this maintenance of the all-sufficing power of 
water exerted little influence in the ever-widening Circle of 
scientific activity; masters in the iatro-chemical school had 
no time to philosophize; the activities of the natural juices 
engrossed their whole powers, and any question as to the 
• ultimate composition of these seemed lacking in point. 

Till Van Helmonfs time little or nothing was known Helmont 
concerning gases. It is true that Pliny had spoken of 
spiritus,” which possessed properties different from those of of gases/ 
ordinary air ; of emanations from the ground, some of which 
were combustible, others suffocating. But even Valentine had 
not advanced beyond regarding all such as common airs with 
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differinpf impurities. The evolution of gas on throwing oil 
of vitriol over iron had appealed to Paracelsus as a mere 
breaking out of air. Ilelmont changed the whole aspect of 
the question, andr this too without the aid of any apparatus 
by which to collect and examine. In his writings the word 
“gas"’ occurs for the first time, a word he perhaps derived 
from the Geiman ^‘Gascht/^ the foam which appears on 
fermentation ; and as such he classed all those emanations 
which could not be brought into the liquid state. Of gases 
there were two varieties, ^‘gas sylvestre*^ — so he termed 
carbonic acid or other gas which extinguished a light and was 
unbreathable — and gas pinque,'’ which signified those with a 
combustible nature. He mentions burning, fermentation, 
putrescence, action of acids on metals or chalky substances, as 
phenomena accompanied by the evolution of gases, and 
remarks on the great quantity of gas sylvesire to be found 
in the Grotto del Cane at Naples. Vapours were to be 
distinguished from gases in that they might be liquefied, a 
distinction which held good for centuries. 

Van Helmont had noticed that when bodies underwent 
combustion in air, the volume of the latter decreased; an 
observation which was complementary to that of his con- 
temporary, Jean Rey, who maintained that the increase in 
weight of metals on calcination was due to absorption of air, 
Rey had endeavoured to prove that air is a material body by 
comparing the weights of flasks filled with it under varying 
pressures, but his conclusions met with little consideration from 
his contemporaries or successors. 

Though from many points of view an ardent Paracelsian, 
Helmont broke away somewhat from this school when he came 
to consider physiological and pathological phenomena. The 
presence of mercury, sulphur, and salt in the body was 
unproven, whereas it was certain that the stomach contained an 
acid secretion and the duodenum one that was alkaline, 
Helmont made the most of these facts ; digestion, he said, was 
due to a fermentation induced by the presence of acid, and this 
fermentation ceased when the acid food was neutralized by the 
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alkali of the duodenum. Should complete neutralization not 
occur, disease would result, only to be met by the presciiption 
of alkalis or acids according to its nature. Helmont could not, 
however, throw off his belief in the ‘‘ Archeiis,” so it was to 
it that preponderance of acid or alkali was attributed. 

The narration of Van Helmont’s valuable contributions Helmont’s 
cannot end here; for his views on the composition of sub- ened views 
stances also were far in advance of any of his predecessors, on the 
The production of a body differing in appeal ance and 
properties from its parent substance or substances had been to pounds, 
them a new creation ; the addition to this parent substance of 
one or more bodies had been necessary, not because certain of 
their components were to appear in the confposition of the new 
substance, but to induce its ci cation. And such views had 

reigned supreme even in the mind of Paracelsus. The pre- 
cipitation of copper on iron had been to him the deposit of a 
new metal. Plelmont, on the other hand, maintained the 
unalterability of a metal even on solution, a belief which, though 
propounded so early as 1477 by Norton, had never met with 
general recognition. Plelmont further made a statement, based 
on quantitative experiment, that if one body combines with 
another and is then precipitated, the weight so obtained is 
equal to that originally taken. He had found that sand, fused 
to a glass with potash and again precipitated by addition of 
acid, lost nothmg in weight. 

The knoMedge of the composition of chemical compounds Increasing 
was still further extended by a contemporary of Van Helmont, 

Johann Rudolph Glauber (born at Karlstadt in 1604), who, compound, 
while adhering to the Paracelsian medico-chemical doctrines in 
their entirety, maintaining stout championship of alchemy, the ber, 1604- 
alkahest, and the marvellous powers of potable gold, enriched 
chemistry in an eminent degree by his discoveries. In 
attacking this question of the composition of bodies, Glauber 
began by considering the conditions under which certain salts 
were produced, and the products of their mutual decom- 
position. Instead of preparing metallic chlorides as here- 
tofore, by heating the metal with sublimate, he treated the 
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metal directly with hydrochloric acid, and hence concluded that 
the salt so obtained was merely a solution of the metal in the 
acid. This was a convincing blow to the time-honoured belief 
that the mcicm^ of the suldimate had entered into the com- 
position of the resulting chlorides. Moreover, Glaubei prepared 
iiydrochioric and nitric acid by the action of sulphuric acid on 
their salts, recognizing that the established method of distilling 
these salts with iron vitriol depended on the previous formation 
of free sulphuiic acid; and by acting on these various acids 
with the alkalis, he obtained many new substances, among 
w^hich was his sal mirabile — ordinary sodium sulphate — m 
which, as he believed, lay extraordinary medicinal viitue. 
lie idea The combination of acids with metals or alkalis W'as 
ffimty ^ 2,scribcd by Glauber to a certain associative tendency, 
Gomeinschaft/’ as he called it. The decomposition of 
oidinary salt by oil of vitxiol, of salmiac by chalk and potash, 
w^as due to the superior attraction of one of the salt com* 
ponents for the decomposing medium. lie further explained 
rightly the double decomposition of antimony sulphide with 
corrosive sublimate. These were novel ideas. Glauber never 
employed the word affinity,’’ though it ivas already the property 
of chemical literature, for long before, AIbcrtus Magnus, when 
considering metallic sulphides, had spoken of combination 
depending on an affinity between the sulphur and metal. 
Hippocrates, in the fifth century b.c., had urged as a dogma 
that like combines with like, and Gcber had thfe in bis mind 
when, generalizing from the combination of most metals with 
mercury, he assumed the latter to be a primal element. 
Magnus’s statement was but an echo of the same thought, for 
sulphur too at his date was regarded as an equally necessary 
component of metals. 

Other Glauber who discovered the presence of acetic acid 

contri- in the distillate from wood, who pointed out how this body 
might well be substituted for vinegar, who did so much to 
further the arts of dyeing and glass-staining, and, by his 
writings, to demonstrate the folly of Germany in neglecting 
her own raw mineral wealth. 
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The influence of Van Helmont’s theory of physiological DelaBoe 
action is easily discernible in the teaching of his contemporary, 

De la Boe Sylvius. This man, whose work brought the 167^. His 
iatro-chemical school to its zenith, was bouj at Hanau in dieory of 
1614, and died while Professor of IvJedicme at Leyd(^i in 
1672. Though a firm believer in the truths of alchemy and malheat. 
the philosopher’s stone, he lent all his energies to the fusion 
of medicine with chemistry. Sylvius believed the phenomena 
of life to be dependent merely on a cycle of chemical changes. 

As with Helmont, so with him, the acid or alkaline character 
of the digestive juices was of supreme importance to the health 
of the body ; but he dhfered from the former in excluding all 
supernatural agencies from his system ; Arckeiis was no longei 
to preside over digestion. Digestion began in the mouth_, 
where the food came in contact with the saliva, and was only 
completed in the duodenum, where the food met the acid 
pancreatic juice and the alkaline gall. The preseivation of 
a correct proportion between these fluids was all-important, 
for on this depended the temperature of the body ^ according 
^as the acid or alkaline fluid was picdomiiiant, there w’as cx- 
.perienced cold or heat. By the action of the gall and pan- 
creatic juice on the half-digested matter, chyle was produced, 
and this, together with blood, reaching the heart in a slightly 
acid condition, there met other blood impregnated with alkaline 
gall ; there was effervescence with evolution of that heat which 
warmed the Body. Notwithstanding these strange doctrines, 

Sylvius was able to appreciate the analogy between respiration 
and burning ; moreover, he discriminated between venous and 
arterial blood, rightly referred the red colour of the former 
to its combination with air. 

The last iatro-chemist of any note was Otto Tachenius, OUo 
a disciple of Sylvius. Tachenius’ contributions to our practical 
knowledge of the science far surpass those of his master. He analysis, 
was convinced of the existence of the alkahest, and believed 
he had found it in his acetic acid, prepared by distilling 
verdigris. His great work had, however^ to do with analysis. 

Hitherto the use of t, reagents was practically unknown. At the 
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feeginning of our era Pliny had certainly described the em- 
ployment of a tincture of galls in detecting iron adulteration 
of verdigris^ but this was an isolated instance. The general 
method of discovering such adulteration was rather to observe 
wheliiier one portion of a supposed homogeneous substance 
was less soluble than another — a method applied by Ifibavius 
to the analysis of natural waters so late even as the beginning 
of the seventeenth century. Colour, taste, and smell had long 
remained the distinguishing traits of a salt, and the prevailing 
belief in transmutation had stifled all attempts at a more 
intimate knowledge. But the opinions of Van Helmont and 
Glauber on the permanence of a metal had prepared the way 
for sounder vie^vs > and we find Tachenius laying stress on the 
significance of the colour of the precipitate produced by addi- 
tion of gall extract to copper, lead, and iron solutions. More- 
over, ho showed how a solution of common sublimate is 
aifected differently by solutions of fixed and volatile alkalis. 
His superior analytical acumen enabled him to judge correctly 
on various disputed points; thus he showed that iron taken 
inwardly was not excreted in the urine. Like Valentine, he 
carried war into the camp of the alchemists. His experimental 
demonstration that lead, on oxidation to minium, increases 
in weight by one-tenth, marked a sense of the quantitative 
method. 

From the solution of silica by fusion with potash Tachenius 
concluded that the former must be of an acidief nature ; like- 
wise the change produced in fats by the action of alkalis was 
suggestive of these fats containing some hidden acid, and be 
was led by these and analogous facts to define a salt as a 
compound of an acid with an alkali. 

Tachenius was the last of the iatro-chemists* Tlmir work 
was done. They had preserved the seed of a real science 
through a troubled and unenlightened period, while their often 
fantastic speculations had caused no inconsiderable additions 
to the stock of chemical facts. As this period approached its 
close, a remarkable change became noticeable. No longer 
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wete vague speculations on the nature of elements and chemical 
change accepted as dogmas. Men were slowly discovering 
that a theoiy, to be helpful, must be based on experiment, and 
must depend for its general recognition on ^practical verifi- 
cation, a vindication of the inductive method which \vas at 
last becoming general. But already the superstructure of 
definite fact was too weighty for its feeble theoretic founda- 
tions. With many the belief in the practicability of alchemy 
had been long extinct, and the iatro- chemical system had never 
been very stable. It only required, then, an acute and critical 
mind, aided by exceeding practical skill, to demolish the 
whole edifice and lay the foundations of a new, one based 
on facts alone, independent of this, th9.t, and the other 
philosophy alike. Metals and their compounds had been 
ripe material for the investigation of generations of alchemists, 
apparatus had been conceived with which to attack them, and 
from the ciucible had issued new elements and new compounds. 
The fusion of chemistry and medicine had resulted in the 
birth of organic chemistry ; and the application of the most 
cultivated minds of the period—those of the medical frater- 
Yiily — to the problems offered by chemical phenomena had 
resulted in knowledge which had gradually led to some 
definite idea of analysis, of affinity, of chemical composition, 
and, what indeed was the parent of all, a recognition of the 
unchangeabilify of the metallic nature. Yet any conceptions 
there might te of the elements, the ultimate components of 
matter, were utterly vague, based as they still were on the 
time-honoured theory of Aristotle, modified in greater or less 
degree by the wiitings of Geber, Paracelsus, and Van Helmont. 
A rigorous examination of this vexed question was required 
before the new chemistry, the science of the composition of 
bodies, could gain firm foothold, and it was just this which 
enabled Boyle, after clearing the ground of the corpses of 
alchemy and iatro^hemisfry, to point out the only true road 
to progress, the road guarded by diligent experiment and 
stringent induction. 
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FR0:M BOYLE TO LAVOISIER AND THE ESTABLISHMENT 
OF THE QUANTITATIVE METHOD 

HmiERTO the inducements lo a study of chemical fact had 
been successively belief iu transmutation, and a trust in the 
efficacy of heioic medicines prepared iu the laboratory. But 
from the middle of the seventeenth century onwards another 
aim transpires in the writings of tlic masters ; the sciences were 
to be pursued for their own sakes, and the discovery of truth 
was to be the sufficient reward of a real philosopher. 

As we approach our own times, it grows increasingly 
difficult to define historically the successive j^hases of chemical 
science. The founding of scientific societies and the con- 
sequent wide dissemination of scientific literature provided 
cvcr-accumulating data for the discussion of old and the 
initiation of new theories. In consequence^ firm allegiance to 
any one school of thought was not to be expected, nor was it 
found. Yet there was one problem which engrossed the 
attention of almost all chemists during the seventeenth and 
eighteenth centuries, and this was the explanation of fire and 
the phenomena caused by fire. Though here scarcely any 
two philosophers were agreed in their conclusions, their modes 
of arriving at them showed marked similarity. The qualitative 
side of phenomena alone was considered, the quantitative 
being hardly appreciated. Tliis period, from Boyle to Lavoisier, 
may be described as that of Qualitative Chemistry. It was a 
time rich in generalization, for just as fire was to be explained 
by the assumption of one general principle, phlogiston, so the 
general properties of acidity and causticity were to be regarded 



as conferred by one fundamental acid and one fundamental 
alkali respectively. 

Robert Boyle was born in 1627^ and diea in 1691. He Boyle, 
was Irish by extraction^ but spent the greater part of his life 
in England, quietly devoting himself to the study of natural 
science and to the furtherance of many philanthropic schemes. 

Boyle’s most lasting service to natural philosophy was The 
perhaps his practical demonstration of the value of the Baconian 
system ; for, though a most able experimenter and astute and the 
observer, he appears to have been somewhat lacking in the 
power of generalization. His woik was desj,ructive rather than ^ 
constructive. His most famous contribution to chemistry, the 
Sceptical Chy^nist^ appeared m 1661, and contained an attack 
on both the Aristotelian doctrine of the elements and that 
initiated by Geber. He maintained that nothing which could 
be further decomposed was to be considered elementary, and 
that certainly none of Aristotle’s elements fulfilled this con-* 
dition; earth, for example, w'as resolved into many diffeient 
substances under suitable treatment AstoGeber’s doctrine, he 
' asks whether, since mere inflammability constitutes the essence 
of the element sulphur, just as the contrary in conjunction with 
any taste constitutes a mercury, a multitude of substances 
which, while ajgreeing in this minor detail, disagree in others 
more considerable, are to be classed together under the name 
of one common principle. 

Boyle disputed the belief in the dissociative power of heat, Chemical 
showing that its effects were often very different, accoiding to ® 
the conditions of the experiment ; moreover, he was disposed coipufcr^ 
to believe that these effects were the result of an altered lartheoiy 
disposition of a body’s ultimate parts rather than of their 
absolute isolation. He was of opinion that all bodies were tion. 
composed ultimately of one primordial matter, and that the 
properties of any particular substance depended on the motion 
and mutual atti action of its smallest particles \ that in addition 
two substances, on mixing, would undergo change only when 
Ihe component parts of the- first had less attraction for one 
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aaotlier than foi tho5?e of the sucond. This corpuscular theory 
lie appli(‘(l to the airj which he compared to fleeces of wool^ 
whose density increased in the lower layers, owing to the 
pressure from *ihc fibies above. Boyle gave, indeed, much 
thought to this question of the surrounding atmosphere, and 
drew up a scheme for its thorough investigation, the only 
practical issue of which, however, was the proof of a something 
in the air wfliich was destroyed both by respiration and com- 
bustion. He was aware that lead on calcination gained in 
weight, but, instead of lefening this to its proper cause, suggested 
an absorption of igneous particles. 

Tachenius had done much to show the practicability of wet 
analysis ; Boyle was successful in systematizing and adding to 
his results. He showed how various plant juices were 
differently affected by acids and alkalis, and how these latter 
compounds were antithetic in their action, the one precipitating 
what the other dissolved. As reagents in the analysis of water, 
he employed extract of galls, syrup of violets, ammonia (for 
copper salts), and nitrate of silver, and show^ed that this last 
would detect one grain of salt in a thousand of water. His 
tables of specific gravities for different wmters arc the earliest 
' on record. 

As a difference between mere mechanical mixtures and 
chemical compounds Boyle pointed out the hoMOgeneousness 
of the latter in their minutest particles ; he was n’t ar<i» too, that 
no separation of their components was caused by the action of 
gravity. Though he knew that the different compounds of one 
element resembled neither their components nor one another, 
he saw that they often possessed some common features, as 
the blue colour of copper salts. 

The increase in weight on calcining had convinced Boyle 
that something was absorbed rather than emitted during the 
operation, and yet he still regarded sulphur as a compound of 
its acid with some igneous principle; his conception of the 
atmosphere as a medium made up of particles terrestrial and 
astral, besides others permanently elastic, was not monj 
satisfying. 



A treatise appeared in 1674, written by John Mayow, in iMayow’i. 
which these matters weie thoroughly investigated. Mayow, by 
means of sulphuric acid, had piecipitated sulphur from a a^eus.” 
compound of sulphur and potashes— the long^known “ Hepar 
Sulphuris.’^ This fact, as Mayow at once saw, was entirely 
incompatible with an acceptance of sulphuric acid as a con- 
stituent of sulphur, for, were Boyle's theory correct, the presence 
of sulphuric acid should rather tend to protect than destroy 
Hepar Sulphuris." Now Mayow, like Boyle, conceived the 
air as made up of minute particles, while he restricted himself 
to two varieties, those, namely, which are necessary to life, 
called by him ‘‘spiritus igno-aereus,” and those incapable of 
supporting respiration or combustion, whidi are left after the , 
removal of this “ spiritus." Since a mixture of saltpetre and 
sulphur continued burning even under water, he assumed that 
his igno-aereal paiticles must also be contained in the salt. 

Acids, too, contained the new principle. The calx of antimony 
obtained by tieating the metal with nitric acid was identical 
with that left after heating antimony in air. Sulphuric acid 
might be obtained indifferently by burning sulphur in air or 
boiling with aqua fortis, and must therefore contain something 
common to both media. Iron pyrites also would absorb the 
spiritus igno-aereus " on exposure, for the green vitriol which 
resulted yield^^d sulphuric acid on distillation. Mayow died in 
1679 at the age of thirty-four years ; had he lived but a little 
longer, it can scarcely be doubted that he would have fore- 
stalled the revolutionary work of Lavoisier, and stifled the theory 
of phlogiston at its birth. As it was, his work, though rendered 
in one of the most luminous and convincing scientific publica- 
tions of the period, was immediately forgotten, and so proved 
of little effect on the evolution of our modern chemical system. 

The continental chemists contemporary with Boyle and Kirackel, 
Mayow were of an entirely different mental calibre. The 
German Kunckel was essentially an experimentalist ; he was * 
imbued with a belief in the philosopher's stone, and regarded 
mercury as the necessary component of a metal. Kunckel was 
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born in 1630, and died in 1702. He was the son of an alche- 
mist, and himself passed much of his life as the employti of 
sundry German princes in the unsuccessful pursuit of the 
philosopher’s stefne. 

Before the second half of the seventeenth century the blow- 
pipe had been used neither in chemical analysis nor for 
working glass. It was KunckeFs task to demonstrate the ease 
•with which a metallic calx might be reduced by heating it on 
charcoal before the blowpipe, and to institute a more expe- 
ditious mode of hermetic sealing than that of inserting the 
drawn-out neck of flask or other vessel in a hot fire, hitherto 
in vogue. 

Kunckel was the first to recognize an analogy between 
putrefaction and fermentation and to show how the production 
of vinegar in the latter process depended on the initial formation 
of alcohol and avoidance of low temperature or presence of 
acids. With Boyle he may be regarded as an independent 
discoverer of phosphorus. This element had already been 
prepared about the year 1674 by Brand of Hamburg by a 
process which had remained a profound seciet. There had 
been talk^ however, of urine being an important factor in the 
operation, and Kunckel, on healing this with sand, obtained 
its precious ingredient. 

The great achievement of the Frenchman^ Lemery was 
his Cours ie Ckimie^ which appeared in 167^, and long 
remained the standard text-book on tire subject. Lemery 
separated all substances into three main divisions, vegetable, 
animal, and mineral, classifying under these heads not only 
those bodies which obviously belonged thereto, but also the 
products of their distillation. Like Tachenius, he defined his 
sel mU (our salt) as a mixture of acid and alkali, Lemery 
was aware that a mixture of iron and sulphur when moistened 
became hot; and this fact led him to an explanation of 
volcanic phenomena. He also thought the lightning flash 
might be due to the combustion of large quantities of hydrogen, 
a gas which had been discovered by Paracelsus, though con- 
fused by him with air. 



The work of Homberg is of interest as being the first in Homberg, 
which the balance was definitely employed in the elucida- 
tion of chemical problems. It is significant that Boyle had UsSoftbe 
found it necessary to point out that silver chloside^ precipitated 
from silver solution, weighed more than the original metal. In ing relative 
1699 Homberg, who had been working for some time in affinities. 
Boyle^s laboratory, began an investigation of the strengths of 
different acids. His method was to treat them with alkaline 
solutions, evaporate the mixture to dryness, and weigh the 
salt that remained. He noticed that with the same quantity 
of potash this weight was always the same, whatever the acid, 
and hence concluded that the strengths of these acids were 
all equal, and only appeared different because of the different 
quantities of water diluting them. 

All general conceptions of acids and allcalis were still very Confused 
much confused, to such an extent, indeed, that Kunckel re- 
garded alkalis and acids as mutually convertible. Boyle, and alkalis, 
after him Becher, believed in the existence of some one 
primordial acid, of which the common acids were merely impure 
forms. This acid, in Bechef s opinion, approximated closely 
to hydrochloric. Sylvius had ascribed acidity to fire matter, 

Lemery to fine points, and Mayow, with some show of reason, 
to his ‘‘ spiritus igno-aereus.'^ By an alkali, on the other hand, 
was understood any substance which effervesced with acids, 
fixed and volatile alkalis being grouped together. 

Why there should be combination between acids and Combina- 
alkalis, or, indeed, between substances of any kind whatsoever, 
had till the time of Boyle almost escaped question. Boyle alkalis, 
supposed the reason to lie in the mutual attraction of the 
smallest particles, an attraction different from that of gravity 
in that it decreased more rapidly with the distance. He ex- 
plained accordingly the decomposition of cinnabar on heating 
with potashes, — ^^the parts of the alkali associate themselves 
more strictly with those of sulphur than these were before 
associated with those of mercury/' Becher, on the other hand, 
regarded combination as a magnetic phenomenon. 
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Thu connotation of tliu word ** salt” was indcllnitc. Urigin- 
ally the word had implied any substance which was soluble in 
water or possessed a marked taste. Acids and alkalis were 
accordingly founfi classed with ordinary rock salt, though some 
discrinfination was suggested by the subdivisional titles, “ saiia 
acida,” saiia alcinina,” and ‘‘ saiia salsa ” respectively. Know- 
ing this, we are the less surprised by Kiinckers belief in the 
transmutability of acids into alkalis. When it was discovered, 
however, that substances produced by mixing acid and alkali, the 
saiia salsa,” were neither acid not caustic, a new term seemed 
necessary. Such substances were certainly of a different order to 
the saiia acida ” and saiia alcinina,” and might well receive 
^the general appullatibn saiia neutra.” The word neutralization 
was soon the common property of chemical literature. But 
many of these neutral salts contained no metallic components ; 
they were earthy salts. To discriminate 1 )ctween such and 
those that did contain a metal, the latter were termed vitriols,” 
a term first suggested by hlagnus as the suitable designation of 
the glassy ferrous sulphate. 'Fhe later chemists, however, 
separated vitriols from salts, regarding as such only those 
substances with marked vitreous glance or of definite metallic 
origin. It w^as Lemery who first defined vitriols as minerals 
composed of an acid salt and sulphurous earth, classifying 
them, however, not as salts, but as half-metals, c 
olution Questions as to the ultimate components of maiter were yet 
^tionTof confusedly answered. Not even Boyle and Kimckel 
meats, were convinced of the untenability of the alchemisf s position. 
In speaking of sulphur, Boyle struck the keynote of the whole 
period ; he regarded it as compounded of sulphuric acid and 
something, certainly an element, which he termed fire matter.” 
Here was Valentine’s philosophy again, nor do we miss its 
‘influence in KunckeFs belief that mercury was an essential 
exponent of the metals. Neither Boyle nor Kimckel, how- 
ever, was sufficiently hardy to see sulphur and mercury in all 
matter. Yet something approaching a whole-hearted if en- 
lightened acceptance of Valentine’s theory we do find in die 
German Becheris i^kysua subterrmm^ published in 1669. 
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This work marked a reaction, but its contents were sufficiently 
weighty to lead Stahl later to his doctrine of phlogiston. 

Becher believed all matter to be made up of four elements, 
water and three primitive earths, the vitreoSs, the mercurial, 
and the combustible. It was this combustible earth, this “ terra 
pinguis,” whose expulsion from compounds caused all the 
phenomena of combustion. 

The ancients had considered the calcination of metals and 
the burning of wood — ^processes which they believed to be combus- 
identical— as the direct result of the separation of their element tion pnor 
hre, and from the greater or less inflammability of a substance 
had argued its greater or less content of this fire. The Arabs., 
and Western nations, on The other hand, compared the calcina- 
tion of metals to the burning of chalk, and hence gave to our 
literature the words “ calx ” and “ calcination,” Geber, and 
subsequently Magnus and Paracelsus, adopted in principle 
the ancient view, though for fire they substituted their element 
sulphur. BechePs '' terra pinguis ” had much in common with 
the fire of the schoolmen and the sulphur of Geber. This 
sulphur, as we have seen, w^as by no means identical with the 
common substance of that name, which, indeed, as Boyle had 
demonstrated, itself burnt with the production of an acid body. 

Yeaxs before%Sylvius had spoken of an oily principle being so 
eliminated. ^Sylvius's oily principle and Becher’s terra pinguis ” 
germinated in the brain of Stahl, whence there now issued 
the first comprehensive theory of combustion, the theory of 
phlogiston. 

Stahl had early become convinced of the soundness of staW, 

’ Becher’s theory of the “terra pinguis,” and had given utterance 
to his conviction. It was in his Specimen. Beclierimum, theory of 
which appeared in 1702, that he pronounced himself most 
clearly. He maintained that all the phenomena of combustion 
were associated with evolution of phlogiston, an element 
which was an essential component of all combustible matter. 

Metals and sulphur, then, were compound bodies and the 
products of their combustion elements. Every phenomenon, 
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ill factj which is now explained as being the result of a conv 
bination with oxygen, was with Stahl due to the escape of 
phlogiston. What this phlogiston might be Stahl did not 
precisely declare^ but that it formed the chief component of 
soot seemed evident, for metallic calces, on being heated with 
this soot, regained their original melalhc form, and sulphuric 
acid was converted into sulphur. Nothing but the soot could 
have restored the necessary phlogiston. Sulphur would not 
combine with metallic calces, and was therefore certainly not 
itself the necessaiy element of hre. It was only at the moment 
of combustion that the phlogiston became obvious to the 
senses, Piior to this it had remained hidden in the com- 
^bustible substance— '^a deduction less happy, in that Van 
Hclmont and Newton had both denied tlie corporeal existence 
of fire, believing it to be merely an outward and visible sign 
of intensely heated gas. After combustion, in other words, 
after complete or partial expulsion of phlogiston, there re- 
mained a dalx, the other component of the substance burnt. 
If metals were investigated, their calces were always ultimately 
found identical, though admixture with impurity might more or 
less hide their identity. 

Ps We can now understand Stahl defining chemistry as the art 

eiS- resolving substances into their components and building 
them up again from these, a definition which had little in 
common with any that might have been suggcsj:ed a half- 
century previous. 

cttlties One would imagine that the increase of weight on caldim- 

StXrs proved an insuperable difficulty to the general 

acceptance of StahFs theory. It was not so, however. True, 
as time passed, there was felt some need of reconciling tliis 
increase with loss of phlogiston, a need, however, amply satis- 
fied by the assumption that phlogiston, unlike any other material 
substance, was repelled from the earth, and that in consequence 
a calx was the heavier the more phlogiston expelled. It was 
maintained by some, and this time in direct defiance of Boyle's 
experiments, that the specific gravity of the calx was greater, 
and therefore, too, its absolute mass. As years passed, the 



chief r&Ic of phlogiston was ascribed to the most widely different 
substances j at one time to the colouring matter of Prussian 
blue, at another to the gas hydrogen. Hence chemical nomen- 
clature, which in m^y respects remained uimltered, must be 
interpreted differently during the successive phases of the period. 

Not only was phlogiston supposed to be an essential element 
in combustion; its existence also accounted for colour and 
varying solubility in acids, and for the analogy between respiia- 
lion and combustion. 

Since the time of Gebei it had been known that air was The pait 
necessary to combustion, and both E.ey and Mayow had 
arrived at a reasonable explanation of this fact. But their busUon. 
work had been completely ignored. Stahi, following Becher, 
regarded the atmosphere as a purely passive agent in com- 
bustion, a suitable medium, and nothing more, for the reception 
of expelled phlogiston, and this belief long found general favour. 

Such, briefly stated, was that theory of combustion which Reception 
has rendeied the name of Stahl undying. Though exerting 
little influence on the work and preconceived ideas of his con- theory, 
temporal ies, it became a guiding light to chemists of the 
succeeding geneiation. Speedily accepted in Germany and staM. 
England, it made less progress in France till a translation of 
Juncker’s Conspectzi^s Chemtae, published m 1750, caused it 
to be generally received there also. As a practical chemist 
Stahl was prominent. His conceptions of the w^orkings of 
affinity, baseS on laboratory work, were in advance of his time, 
his writings on fermentation those of a pioneer. 

The fermentation of plant juices and leavening of dough Fermenta- 
had as yet received no kind of serious explanation. As fer- 
mentations alchemists had classed the most diverse reactions, 
thus likening the transmutation of a base metal to the leavening 
of dough. Valentine thought the alcohol in beer, produced by 
the action of yeast on barley liquor, pre-existent in the liquid, 
though only capable of identification after separation of the 
other constituents. Van Helmont also knew of the presence 
of spirits of wine in fermented liquids, and sharply discriminated, 
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between it and the gas evolved during fermentation. Sylvius 
and Leniery took a step forward in looking upon ordinary 
effervescence as a result of combination, fermentation, on the 
other hand, as an accompaniment of decomposition* Lemery 
thought this type of decomposition due to an escape of saline 
particles (the carbonic acid gas), which separated the must into 
those grosser and finer parts, the scum and lees, with elimination 
of alcohol. A further advance lay in Bccher’s insistence on 
an analogy between fermentation, whether vinous or acetic, 
and comMstion, IMayow having before this laid stress on the 
necessary presence of air at the initiation of both* Bccher 
discovered that alcoholic fermentation only occurred in saccha- 
rine liquids, and even then only under suitable conditions ; on 
addition of tartrate or alcohol the process stopped. 

'iilis* In 1659 appeared the Diatribe de Fermeniafkvi of the 

eory ; its English chemist Willis. Its author maintained that fermentation 
was a decomposition brought about by communication of a 
r Stahl, vibratory motion to the particles of must, and the consequent 
shaking apart of their loosely combined components. These 
components could now enter into new combinations, of which 
one was alcohol. It was this theory which, forty years later, 
Stahl developed and spread abroad by his writings. Stahl took 
it that some watery fluid must be present to induce fermentation, 
or it might be putrefaction — they were analogous processes — 
which so influenced the unstable compound of*^salt, oil, and 
earth, that its constituents, fallen apart, had opportunity to 
reappear in new and more stable combinations. By the vinous 
fermentation there was eliminated a substance in which a com- 
bustible part predominated; by the acetic this spirit took to 
itself excess of acid. This philosophy of StahFs enjoyed a 
widespread reputation during the whole of the phlogistic period, 
and later was resuscitated by Justus von Liebig. 

Stahl could not entirely escape his preconceived ideas ; he 
could yet speak of the earthy and mercurial components, of 
metallic calces, of the primitive acid; and for the greater part 
of his life he believed in the possibility of transmutation. 
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Stahrs two most famous contemporaries were Friedrich Hoffmann, 
Hoffmann and Hermann Boerhaave ; the former was born at 
Halle in 1660, and the latter shortly after at Leyden. Both Boti^aave 
were successful as medical practitioners. M that time no 1668- 
provision was made for an exclusive pursuit of pure scieuipe. 

Hoffman did not accept Stahl’s doctrines in their entirety ; Hoff- 
the production of sulphuric acid on burning sulphur convinced 
him that this latter was compound, while the reduction of acidum.” 
metallic calces appeared only reconcilable with the assumption 
of a hypothetical ‘‘sal acidum,” something akin to sulphuric 
acid, which, combining with the metal, formed a calx. 
Hoffmann’s attitude was not, however, maintained by any 
attempt at practical verification, and was, moreover, devoid of 
the unifying intent of Stahl. 

Magnesia as a peculiar earth had been hitherto unknown. Hoff- 
Hoffmann showed that those salts which gave an astringent taste ’^^.nn’s 
to many natural waters, and which had hitherto been classed researches, 
under the generic term nitre,” were, in fact, quite different from 
this, since they gave no nitric acid on distillation with vitriol ; 
neither were they of the same crystalline form. Among these 
salts there was one possessed in a marked degree of the 
astringent property, a compound of a chalk-like body and 
sulphuric acid — a chalk-like body differing, however, from 
ordinary chalk in that its vitriol was readily solqble in water. 

The base of alum, too, he showed to be quite different from 
ordinary chalk. This work has the greater interest in view of 
the general impression which at the time obtained that all 
calces were identical in composition, allowing for slight ad- 
mixture with impurity. Again, Hoffmann noticed that the gas 
which escaped from many natural waters was of an acidic 
nature ; he observed, too, that it was this gas, this “ spiritum 
sulphureum,” which was essential to the solution of iron in 
water, for after boiling such a water, and so removing the gas, 
every trace of iron was precipitated. 

Hermann Boerhaave, though contemporary with Stahl, Boer-^ 
scarcely mentions the theory of phlogiston ; he himself allowed " 

that sulphur was compounded of sulphuric acid and a ignis 
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combustil>lc oil (a pabulum ignis**), but, with Hoffmann, 
regarded calcination as associated with the aI)sorptioii of certain 
material particles from the air. Boyle had supposed that the in- 
crease of wcighf'on calcining a metal might be due to absorption 
of fire^particles, but Boerhaave showed that a metal might be ex- 
posed to the strongest beat without its mass altering. Boerhaave 
retained a belief in alchemy, though his experiments did much 
to dissuade others. The extraordinary perseverance of the 
man is appreciated when one learns that he preserved niercuiy 
for fifteen years at a slightly elevated temperature, in order to 
ascertain whether such an operation would cause any change in 
the metal, as had been maintained. He also distilled one 
specimen of the sante metal five hundred times, that he might 
accentuate and observe that change in volatility, if such there 
were, cpiotcd by the ancients. 

The modern connotation of the word affinity’^ was fust 
given it by Boerhaave. Up to the end of the seventeenth century 
similarity in character had been regaided as indispensable to 
the combination of two bodies. Boerhaave maintained the 
direct contrary, and spoke of an affmiiy existing between 
solvent and solvend, between acid and metal, which caused 
their union. The idea seemed good, and the name beCvime 
general, though endeavours were made later to replace it by 
some less specific term. 

The exceeding vagueness of all general ideas'^ of chemical 
composition and of the nature of chemical action had neces- 
sarily precluded any attempt at ascertaining the relative affinities 
of different substances for any one definite reagent, and it is not 
therefore surprising that no explanation of any case of simple 
elective affinity was offered before the middle of the seventeenth 
century. In 164S Glauber suggested that .die expulsion of 
ammonia from its salts by chalk or potashes might be due to 
the superior attraction of the latter for the acid of the ammonium 
salt; and Sylvius, In 1659, gave a similar explanation of the 
precipitation of copper from its solutions by another metal 
This idea, that different substances possess affinities of different 
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strengths for some third substance with which they can both 
combine, gradually became familiar. Glauber had already 
arranged gold, silver, copper, and iron in the order of their 
affinities for mercury, and later Boyle pointed? out that while 
copper precipitated silver from its solutions, it was itself dis- 
placed by zinc or iron, facts which, together with the precipita- 
tion of solutions in acids by alkalis, and of sulphur from “Hepar 
sulphuris,” he explained entirely in the spirit of Glauber and 
Sylvius. Later, Homberg had found the strength of all acids, 
as judged by their behaviour with potash, equal In attacking 
the question of relative affinities, Stahl made use of the simple 
process of heating one metal with the sulphide of another, and 
observing with which the sulphur remained combined, and was 
thus able to arrange the various metals in the order of their 
affinities for this element. Reasoning similarly from the results 
of treating the salt of an alkali with acid, he concluded that 
sulphuric acid was a stronger acid than nitric, and nitiic than 
hydrochloric. 

In 1718 theie appeared a paper in the memoirs of the Palis Geoffrey, 
Academy, containing sixteen tables of affinity. This paper was 
written by Stephen Franz Geoffroy, a native of Paris, born in Tables des 
1672. In drawing up these tables he adopted the system of Rcipprts, 
arranging various acids and alkalis in two columns, headed 
respectively by^an acid and alkali ; and this in such a way that 
any alkali was displaced from its compound with the common 
acid by treatrfient with any other above it in the series. In 
obtaining the necessary data for the drawing-up of this table, 

Geoffroy worked on the assumption that if any two bodies with 
a tendency to combine were brought together, and there inter- 
vened a third, having more affinity for the one than the other, 
combination would take place in such a way that the strongest 
affinities were satisfied. And so he found himself able to com- 
pare the relative affinities of various metals and bases for the 
several acids, and of these acids for the metals. These 
Tables des Rapports of Geoffroy soon became popular, and 
gave rise to much experimental work, by which they were later 
enlarged and improved. The real nature of affinity, however, 
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still remained a matter of vague speculation, and the supposition 
of Boyle, that affinity was something analogous to, though not 
identical with, gravity, retained its popularity. 

Geoffrey’s Geoffrey’s wews on combustion were in principle those of 
co^iis^ StahU though he expressed himself in the nomenclature of the 
tion* earlier period; yet there was much promise in his conviction 
that the different calces were radically different bodies, 

Neumann, Among the generation of chemists succeeding Stahl, Germany 
pST* produced few of any note. Neumann, Eller, and Pott were 
active propagandists of Stahl’s doctrines, and did much to keep 
chemical science to the fore in their country. Certain notable 
achievements, too5#>are associated with their names; the first 
accurate observation of the acid obtained from ants with that 
of Neumann, the solution of a salt in the saturated solution of 
another with that of Eller, and a wide extension of the method 
of dry analysis with that of Pott. 

Marggraf, Neumann’s pupil, Marggraf, was the last of the well-known 
1782”' He chemists of the phlogiston period. Andreas Sigismund 

discovers Marggraf was born at Berlin in 1709, and proved a most able 
sugar in experimenter ; indeed, it is for his many isolated discoveries , 
that he is remembered rather than for any influence exerted on 
the general trend of chemical philosophy. One of the most 
lasting benefits which we owe him was the introduction of the 
microscope as an aid in laboratory work. The occasion was 
notewortlxy. A paper appeared in the memoirs •*of the Berlin 
Academy for 1745, in which Marggraf stated that small crystals 
of sugar might be seen with the aid of a microscope upon the 
finely divided and desiccated roots of the carrot and beetroot. 
He further stated that this sugar could be extracted by lixivia- 
tion with hot alcohol, and added that mere compression of 
carrot or beet would yield a saccharine liquid, from which the 
sugar might readily be extracted. These observations remained 
unnoticed, until the continental blockade of France in 1806 
urged its people to find some substitute for their imported 
sugar. 

Marggraf s Qf prime importance was Marggraf s discovery of phosphoric 
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acid, whose principal physical and chemical piroperties he contribu- 
accurately described. He obtained this acid by burning ordi- 
nary phosphorus in the air, and dissolving the resulting “ fleurs cheiflistry. 
de phosphore ” in water ; also by heating phos;^horus with con- 
centrated nitric acid. In view of these results, phosphorus 
could only be regarded as a compound of the acid so obtained 
with phlogiston. Marggrafs work on the composition of 
gypsum was remarkable; he had noticed that potassium 
sulphate on heating with charcoal emitted the pungent smell 
of burning sulphur, and as this also occurred when gypsum or 
heavy spar was substituted for the potassium salt, they too 
must be compounds of sulphuric acid. One should not forget 
his introduction of potassium ferrocyanide a« a reagent for iron, 
nor his separation of microcosmic salt from urine ; he remarked 
that it was this salt which contained the phosphorus. 

Contemporary with Marggraf was Duhamel du Monceau, Duhamel 
a native of Paris. DuhameFs great achievement was the 
ditferentiation of the two alkalis, soda and potash. The com- 1700'- 
position of ordinary salt had hitherto eluded research. Stahl, 1781 : 
it is true, believed one constituent to be an alkali, and an enWioii" 
alkali quite different from potash, if one might judge by of potash 
differences in the crystalline form and solubilities of their 
respective salts. There was a vagueness about his work, how- 
ever, and it had met with little recognition. Duhamel pub- 
lished a paper in 1736 on sea salt, which put the matter beyond 
question. In it he first showed that the base of salt was not an 
earth, for the addition of potash caused no precipitation, then 
that its several salts all differed essentially from those of potash 
corresponding. He laid stress, too, on the fact that the further 
one moves from the sea, the less the quantity of the new base 
and the greater the quantity of potash in the surrounding vege- 
tation. Subsequently, while describing minutely the differences 
between the analogous salts of these bases, Duhamel mentioned 
the yellow and violet colorations which they respectively give 
to a colourless flame. 

To another Frenchman, Baron, we owe the clearing up of Baron, 
the mystery which had hitherto surrounded the composition 
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of borax. The name borax, or rather baurach/^ had been 
employed by the Arabians indifferently in speaking of the true 
borax and nitre; its nature had served them as the goal of 
many fruitless ifivestigations. Homl)erg had discovered boric 
acid ^is sedative salt) in 1702, obtaining it by acting on borax 
with sulphuric acid, and Pott, in 1741, had shown that ordinary 
Glauber’s salt was produced at the same time ; but the con- 
clusion that borax is a compound of boric acid and soda was 
Baron’s, 

Homberg’s term for boric acid, ** scl sddatif,” had become 
superannuated, for Rouelle, a demonstrator of chemistry in the 
Jardin du Roi, had defined salts once and for all time as com- 
pouxids of acids wit^ii base. He had separated them into three 
classes, discriminating between those with excess of acid, those 
with excess of base and neutral salts respectively ; and had, 
moreover, shown that this excess of acid or base was not 
merely mixed, but combined. Rouelle it was who taught the 
concentrating of nitric acid by distillation with sulphuric add. 

Yet another French chemist, hlacquer, adorned the period 
now at its fall hlacquer, born in 1718 and dying in 1784, 
saw the phlogiston theory attacked in its strongholds, without, 
however, losing faith. His phlogistic bias lent peculiar interest 
to his work on Berlin blue. He had heated this substance, 
and so discharged its blue colour, discharged it^too by boiling 
with potash, and had argued that the colouring matter must 
therefore be pure phlogiston, that Berlin blue must contain an 
acid soluble in potash, and finally that this acid with phlogiston 
and alkali were the components of the salt ho called phlogisti- 
cated alkali (our potassium ferrocyanide), Macquer introduced 
the method of separating salts by means of alcohol. He was 
the first to isolate the potassium salt of arsenic acid, which he 
obtained by heating white arsenic with nitre ; he was able also 
to prepare the analogous salts of sodium and ammonium. 

Since the time of Boyle no English chemist had produced 
any work of first importance. But now with the second half 
of the eighteenth century came Black, Priestley, and Cavendish, 
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men whose epoch-maiking work was to make the name of in the ^ 
England honoured throughout the whole scientific world. 

With them chemistry at once entered on a n^w phase. The eighteenth 
exact quantitative spirit of Black and Cavendish and the century, 
pioneering genius of Piiestley found powerful collaboration in 
the work of the Swedes Bergman and Scheele. By the 
united efforts of all, the foundations of the philogistic philosophy 
were so effectually sapped, that small effort allowed Lavoisier 
to demolish its whole superstructure and substitute his all- 
sufficing oxygen theory. 

Joseph Black was born in 1728 ; he was of Scotch parentage, Black, 
and subsequently became professor of cheniistry in Edinburgh. 

He began his scientific career a convinced phlogistonist, but ^e^eLchS 
in his latter days was a convert to the Lavoisierian school, on the 
Black's most memorable achievement was his discovery of the cTustic^^ 
composition of the mild and caustic alkalis. It had been long alkalis and 
known that limestone becomes caustic on healing, and in con- 
sequence causticity had been conceived as resulting from “fixed 
absorption of fire-particles. But on boiling this caustic lime 
with potashes, these in their turn became caustic, with the 
simultaneous regeneration of the original limestone. The 
mild alkalis (our carbonates of potash and soda) were there- 
fore regarded as elements, and the transference of causticity 
from lime to potash as a mere transference of fire matter or 
phlogiston." Now Duhamel, in 1747, had shown that ignition 
of limestone caused loss rather than gain in weight, a loss 
which, however, was made good on exposure to the air ; but 
here he had stopped. The publication in 1755 of Black's 
paper concerning some experiments on magnesia alba and 
chalk spread light over the whole question. ^ Black found that 
magnesia alba and chalk both, indeed, lost weight on ignition, 
a loss due to the expulsion of a gas called by him fixed air " j 
also that magnesia and chalk, after ignition, saturated the same 
quantity of acid as before, but that they now dissolved without 
effervescence; again, that the addition of potashes to the 
solution of lime or magnesia so obtained caused precipitation 
of a substance equal in weight and identical in properties with 
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ilic mineral originally taken, the potash at the same time 
becoming caustic; and finally that caustic lime could be 
rendered mild by treatment with magnesia alba, though not 
if the^ latter had been previously ignited. The enigma was 
solved. When lime became caustic, something was lost, and 
this something was the gas evolved on solution in acids. The 
rendering caustic of potashes was similarly due to abstraction 
of a gas combined in them by the burnt lime. It was not 
surprising, therefore, that potashes like lime cffeivesced with 
acids, yet when rendered caustic were capable neither of this 
nor of precipitating lime-water. The scum found on lime- 
water that had bpen exposed to the atmosphere found a 
ready explanation, also the evolution of ammonia on boiling 
its carbonate with caustic potash. Black was the first to insist 
on the fact that a gas can enter into chemical combination. 
He may be regarded as the discoverer of carbonic acid gas, his 
‘‘ fixed air,” which he showed to be no other than choke damp. 

Black’s paper seemed conclusive, yet his views were long 
in gaining universal acceptance. Appreciated at their just 
worth in England, they met with much opposition in Germany, 
notably from one Friedrich Meyer, who, in a paper published 
in 1764, offered another explanation of the above facts, the 
chief merit of which was its entire accordance with the 
theory of phlogiston. Black’s hypothesis offered no explana- 
tion of the heating which occurred on moistening burnt chalk 
with water. Now, Meyer maintained that while water, and 
water only, escaped on heating chalk, something was taken up 
from the fire, a something which he termed ** acidum pingue.” 
It was the partial expulsion of this from the burnt lime that 
caused a rise of temperature pn addition of water. On mixing 
.mild potashes with burnt lime, this acid principle was transferred 
to the former, and with it the causticity; and the alkali so 
obtained did not effervesce with acid, for the same reason 
that potassium acetate or sulphate did not; it was already 
saturated. It is interesting that Lavoisier, while speaking but 
coldly of the merits of Black’s work, hailed Meyer’s paper as a 
masterpiece. 
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Carbonic acid was the first gas to be definitely recognized Priestley, 
as differing from ordinary air, and the field of pneumatic 
chemistry was practically virgin soil when Priestley and Scheele 
almost simultaneously set about its exploitation. Joseph 
Priestley was’' born in 1733; in the neighbourhood of Leeds. 

A Nonconformist minister by profession^ he took up chemical 
research merely as a pastime, and one is therefore hardly 
surprised at a certain lack of method in his experimenting. 

The method, first employed by Boyle and Mayow, of Priestley’s 
collecting gases over water was quite common when Priestley 
began his work. From this Priestley at times deviated in gases 
substituting mercury for water, and hence resulted the dis- 
covery of many gases — sulphur dioxide® ammonia, hydro- 
chloric acid gas, and siticon tetrafluoride — whose solubility in 
water had hitherto prevented their isolation. Priestley^s most 
famous discovery, however, was oxygen. 

It is certain that oxygen must have been often prepared The dis- 
and collected before Priestley’s experiment. Hales, some forty Oxygen, 

• years before, had collected the gas, undoubtedly oxygen, given 1774. 
off on heating red lead ; but being a gas its properties were of no 
interest to him, and he failed, therefore, to recognize its peculiar 
character. Priestley himself had obtained oxygen before by 
exposing minium to the electric spark, but had confused it 
with carbonic acid. Steeped as he was in phlogistic lore, he 
had consideifed the revivification of lead oxide by carbon and 
by the spark as entirely analogous processes, as both resulting 
in the restoration of the lost phlogiston, and hence, without 
further examination, had declared the gases evolved to be 
identical. A year after, in August, 1774, by means of a burn- 
ing glass he concentrated the solar rays on some red oxide of 
mercury, and obtained a gas which, to his amazement, sus- 
tained the flame of a candle with vastly increased brilliancy. 

At first he thought this might be the same nitrotf^ air he had 
obtained two years before by the action of nitric acid on 
copper ; but the fact that its powers of supporting combustion 
were not exhausted by the prolonged burning of a candle, apiJ 
that it did not give brown fumes with air, persuaded him that 
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herc^ indeed; was something new. It was not; howevciy till 
the Klarch of 1775 became fully convinced of the 

importance of his discovery. Finding that his new gas under- 
went diminution in volume when mixed with nitrous air (our 
nitric'^oxide) over water, he tried its effect on a mouse, and 
found that it supported life even better than ordinary air. 
To this gas, so eminently suited for supporting combustion, 
so free from phlogiston in the parlance of the period, he gave 
the name dcphlogisticated air/’ 

The behaviour of a mixture of nitric oxide and ordinary 
air had suggested to Prieitley a method of analyzing the 
almosydiere, which he had so discovered to be made up of 
two gases in the voRime ratio of one to four. That part which 
disappeared he now declared to be identical with his “ vital 
air”; the remainder had already, in 1772, formed the subject 
of an investigation by Black’s pupil, Rutherford, who recognized 
its peculiar character, legarding it, however, as a product of the 
combination of air with phlogiston, a phlogisticated air. Priestley 
was also able to show that airs collected at different times, and 
under the most varying conditions, differed but little in com- 
position-^a fact he lightly explained by associating vegetable 
growth with an absorption of vitiated air (carbonic acid) and 
subsequent emission of pure or vital air. 

Priestley’s contemporary, Cavendish, had identiied hydrogen 
as a peculiar gas, and Priestley henceforth regarded hydrogen 
as the long-sought phlogiston. This belief he based on the 
revivihcatioii of metallic calces when heated in this gas ; and 
he made some, for the time, exceedingly accurate quanti- 
tative estimations of the amount of hydrogen (phlogiston) 
required for the conversion of a certain weight of calx into 
metaL His surprise was great to find the metal so obtained 
always'^lighter than the calx employed ; he could only explain 
the fact by assuming a volatilization of some of the calx, or 
solution of part of the resulting metal in the mercury employed 
in his experiments* The water simultaneously produced he 
believed to have been pre-existent in the hydrogen or calx. 

While Priestley was performing his random experiments, as 
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lie called them, and enriching chemical science witli a wealth Caven- 
of new gases, a countryman of his was equally hard at work ; 
and it would be hard to decide to which of the t\jo, Priestley or 
Cavendish, posterity owes the greater debt. Priestley discovered, 

^ Cavendish investigated ; the former restlessly turned his%;and 
first to one substance, then to another; the latter concentrated 
his whole energy on one point, and did not leave it till it was 
comprehended in its entirety. To the random experiments of 
the one we owe our first knowledge of oxygen ; to the scien- 
tific method of the other the discovery of the composition of 
water and nitric acid. Their outward circumstances were as 
diverse as their inner consciousness. Priestley was the son of a 
mechanic, Cavendish the grandson of a dukS. 

Cavendish was born at Nice in 1731, two years before Caven- 
Priestley; but, notwithstanding his brilliant circumstances, he dish, 1731- 
lived the life of a recluse, devoting himself entirely to the ^ 
furtherance of his beloved science. He died in 1810. 

Cavendish’s first paper, that on “ factitious airs,” appeared The 
in 1766, and described an exhaustive investigation of the two 
gases, hydrogen and carbonic acid. He laid stress on their f^gaf a 
absolute individuality — a point of much importance at a time chwacter- 
when the idea 'prevailed that almost all gaseous bodies were 
identical with ordinary air — and introduced the system of using 
their specific gravities as a characteristic mark. Like Priestley, 
he identified hydrogen with phlogiston, and in the gas evolved 
on heating a metal with concentrated vitriolic acid saw a 
compound of this phlogiston with the acid. 

Cavendish next applied himselt to investigate the causes The com- 
of the decrease in volume on phlogisticating air, and he was 
thus brought to discover that copestone of the antiphlogistic 
doctrine, the composition of water. It was in 1781 that 
Cavendish repeated a crude experiment of one Warltire, ex- 
ploding a mixture of his inflammable gas with ordinary air. He, 
like Warltire, noticed the formation of dew; but with what 
different consequences ! Warltire had given this dew no 
particular attention. Cavendish, on the other hand, connected 
it with the loss of elasticity which some of the hydrogen and 
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one-fifth of the common air had suffered. He repeated the 
experiment on a much larger scale, and collected a considerable 
quantity of the liquid ; he examined it and found, there could 
be no doubt, only pure water. He now tried substituting pure 
oxygen for the common air, and once again obtained water, 
but this time with complete loss of elasticity to the reacting 
gases. Though this experiment proves that Cavendish knew 
what component of the air was called into play in Warltire’s 
experiment, he left the engineer Watt first specifically to state 
that water was composed of dephlogisticatcd and inflammable 
air, Watt being at the time engaged in experimenting on the 
supposed mutual convertibility of water and common air. 
Cavendish showedlhat the weight of water obtained was equal 
to that of the gases employed, but could not at first explain an 
occasional acid reaction which this water exhibited. It was the 
investigation of this acidity which occasioned the delay in 
publishing an account of liis investigations— they were only 
published in January, 1784 — a delay which led to the unfor- 
tunate water controversy. For meanwhile the French chemist, 
Lavoisier, had repeated Cavendish's experiments, instigated 
thereto by hints received from Cavendish's secretary, Blagden, 
and had seemed to arrogate to himself the honours due to 
the discoverer of the composition of water. For many years 
it was war between the admirers of Cavendirii, Watt, and 
Lavoisier: posterity has deservedly given the crown to 
Cavendish. 

The com- Cavendishes experiments to determine the cause of acidity 
in the water were masterly. He neutralized the water with 
and potash, and so obtained a small quantity of nitre ; he heated 
this with carbon, and obtained nitrogen”; he again exploded a 
the electric mixture of hydrogen and oxygen, this time with the addition 
spark. of nitrogen, and found the acidity of the deposited w^ater 
increased— a final proof that the acidity was caused by 
phlogistication of the nitrogen added ; Cavendish now turned 
to the phlogistication of air by the electric spark ; and here 
again he noticed a fixation of the gases, especially in presence 
of potash solution. Again it w’as nitric acid that the potash 
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absorbed. By suitable additions of oxygen he was able to 
cause the almost total disappearance of the gases ; but in every 
case a small bubble was left which defied ^xation. This 
phenomenon remained without explanation until the discovery 
by Rayleigh and Ramsay, in 1894, of the hitherto unknown 
argon. 

To Cavendish also we owe the first accurate analysis of air. Analysis 
He adopted the method of Priestley and demonstrated the 
constant composition of the atmosphere; his values for the 
volume percentage of nitrogen and oxygen were 79* 16 and 
20*96 respectively, numbers diifeiing but little from those 
accepted at the present time, 79*04 and 20*96. Cavendish 
remained, in name at least, a phlogistonist. *He admitted, how- 
ever, that phenomena might be explained equally well by using 
the nomenclature of the old or new system. Yet the results of 
his work could bear but one interpretation to the unprejudiced 
mind, and no chemist of the succeeding generation was found 
to defend the moribund notions, and still more moribund 
nomenclature, of the phlogistic period. 

The crowning glory of Priestle/s scientific life was the Scheele, 
discovery of oxygen. It was a coincidence of a type not 
infrequent in the history of science^ that the Swedish' chemist, 

Scheele, madfe the same discovery, quite independently, and 
almost simukaneously. Carl Wilhelm Scheele was born at 
Stralsund, in North Germany, in 1742, and died at the 
comparatively early age of forty-four. His opportunities were 
small, but after mastering the contents of KunckeFs, Neumann’s, 
and Stahl’s text-books, he set to work to verify their contents 
practically, being enabled to do this by his position as assistant 
in an apothecary’s shop. In this way he laid the foundations 
of an extraordinary skill in manipulation. 

While Priestley discovered oxygen in the August of 1774, Scbeele’s 
Scheele’s laboratory notes would show that the latter had ^foxygen 
already, more than a year previously, obtained the same gas 
from mercuric oxide, nitre, and various other substances. This 
gas, which he identified with his fire air — that constituent of the 
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atmosphere which sustains combustion— he thought to be 
composed of a saline principle with water, containing little, if 
any, phlogistop. On calcining a metal in air, this water com- 
bined with its grosser part, the saline principle taking up the 
phlogiston, and this with production of light and heat, which 
gave the inactive component of the air increased levity. 
Phlogiston itself he sometimes confused with hydrogen, while at 
other times, as when he spoke of ‘‘ phlogisticated nitric acid,” 
he appeared to regard it merely as the antithesis of fire air. 

Scheele’s paper on manganese dioxide appeared in 1774, and 
gave information of three discoveries, those of the gas chlorine, 
the metal manganese, which, however, was not isolated, and 
the earth baryta. HTo chlorine Scheele gave the name ‘^de- 
phlogisticated muriatic acid,^’ for he was of opinion that its 
evolution was consequent on the extraction of phlogiston from 
muriatic acid by the manganese mineral He examined its 
properties with great care, and discovered its power of bleach- 
ing organic colouring matter. Baryta was a common impurity 
of the manganese ore used by him ; its solutions he used later 
for the detection of sulphuric acid. Other discoveries of 
Scheele were those of hydrochloric acid and ammonia, — these 
quite independently of Priestley — of molybdic acid and tungstic 
acid, of arsenic and prussic acids. 


Scheele Before Scheele organic chemistry had been almost entirely 
. neglected. Though the chemists of the iatro period based all 

orfifariiic w ^ 

chemistry. claims on a supposed knowledge of the working of the 
digestive system, their views had scarcely extended beyond 
general conceptions of acidity and alkalinity. Such organic 
compounds as were necessarily produced during customary 
laboratory processes had, indeed, excited some attention, but 
these were not many. The acid of vinegar, benzoic ^ acid, 
succinic acid, and acetone, bodies easily isolated by sublimation 
or distillation, were known; while all other vegetable acids, 
which proclaimed their existence through the seiise of taste, 
were taken as forms of acetic add ; and certainly the fact that 
their investigation usually resulted in the formation of this 
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Scheele introduced an entirely novel method of separating 
these organic acids ; he first prepared their insoluble lead or 
calcium salts^ and then precipitated the base with sulphuric 
acid. In this way he isolated, for the first time, tartaric, malic, 
citric, and gallic acids, and was able to identify the acid of 
sorrel with that produced by the action of nitric acid on sugar. 

All these acids he examined rigorously, and showed how they 
might be differentiated, and how detected in their parent plant. 

When to all this we add his discovery of a new acid (uric) in 
bladder-stones, of mucic acid, and of glycerine, obtained by 
boiling various oils with litharge, and when we remember all 
he did for pneumatic and mineral chemistry, it is difficult for us 
to conceive how one man could do so much with but indifferent 
means at his command, within the short space of sixteen years. 

That which Scheele did for organic chemistry another Bergman, 
Swede, Torbern Bergman, did for analytical chemistry, giving ^735- 
to the whole system of quantitative and qualitative analysis a ^ 
sound foundation. Bergman's circumstances were very different 
from those of Scheele, and as piofessor of chemistry in the 
university of Upsala, he had at his disposal every requisite of 
scientific work. He died in 1784, at the age of forty-nine. 

Bergman's system of wet analysis first took form during an Bergman's 
investigation qf natural waters ; but he later made it embrace system of 
the examination of minerals in general, fusing such of these as He detei- 
were insoluble in hydrochloric acid with carbonate of potash, raines the 
Bergman laid great stress on the analytical value of the blow- cStenf of 
pipe, between whose inner and outer flame he discriminated ; metals, 
and he endeavoured to extend the use of such reagents as soda, 
borax, and microcosmic salt, substances whose value had long 
ago been demonstrated by the mineialogist Cronstedt. It is 
to Bergman's pupil Gahn that we owe the introduction of cobalt 
solution as a reagent, and the substitution of platinum wire for 
the gold or silver used hitherto. Up to this time, reduction to 
the metallic state had been regarded as a necessary precedent 
to the quantitative estimation of metals in combination* 

Bergman now introduced the revolutionary method of com- 
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bining them in stable salts of known Composition^ and from 
the weight of these calculating the metallic content. Bergman^s 
analyses were not very acciiratey yet they enjoyed the widest 
popularity; c?n the other hand, his German contemporary, 
Weneel, found little consideration, though his method was 
similar, and his results more fortunate. Meanwhile, the 
number of chemists who applied themselves to the quantitative 
side of phenomena was steadily increasing, an indication of the 
straits to which the phlogiston theory had been reduced. Yet 
at this eleventh hour Bergman set to work to determine the 
relative quantities of phlogiston in metals. Believing that 
metals only dissolve after conversion into their calces, he 
ascertained those weights of various metals which precipitated 
the same weight of some other in solution, surrendering their 
phlogiston to its calx ; these weights, to his mind, contained the 
same quantity of phlogiston. 

It was almost sixty years since GeofFroy had published his 
TaMes des MaJ^poris^ and during all this time no modification 
or addition to them had been suggested. Geoflfroy had 
regarded the relative affinities of bodies when in solution as 
identical with those determined at high temperatures, and this 
although Stahl had already shown that phenomena were often 
reversed by change of temperature, instancing particularly the 
action of silver on calomel. Baum 4 in 17 73,,, proposed the 
drawing up of two separate tables to represent the relative 
affinities at low and high temperatures respectively ; and this 
scheme was carried into effect by Bergman. His tables re- 
sembled the earlier ones of Geoffroy ; he did not attempt any 
absolute quantitative measurements, though he believed that if 
such could be obtained, the course of any reaction would be 
calculable. 

Bergmatfs influence was immense ; he was the authority to 
whom all questions relating to analysis or the problems of 
affinity were referred. It is the scientific spirit which he 
infused into his contemporaries, rather than any striking dis- 
coveries or brilliant experimental demonstrations, that ensures 
him an honourable place among heroes of science. 
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CHAPTER III 


FROM LAVOISIER TO THE ENUNCIATION OF THE 
ATOMIC THEORY BY DALTON 

In the preceding chapter we have seen, somewhat vaguely it 
is true, how far the progress of chemical knowledge during 
the seventeenth century was influenced the theory of 
phlogiston. As might have been expected, StahFs theory, 
though exerting a marked influence, was not sufficient to 
restrict general attention to the phenomena of combustion, 
and it was too elastic to lend any precise definition to the 
trend of general investigation. This elasticity was in itself a 
sign of the only partial adherence which it obtained from those 
best qualified to judge of its merits. There is a value in 
^ comparing the duration of the phlogistic theory with that of 
the preceding iatro-chemical doctrine, ^and of the still earlier 
belief in transmutation. We so find evidence of a slowly 
developing critical spirit, which, with an ever-increasing ardour 
for experiment* brought ever speedier downfall to philosophies 
insecurely bas4d. 

The phlogistic theory had done good work. Its explana- Value 
tion of facts was truly scientific, and if it did not directly of the 
inspire much practical investigation, it did co-ordinate know- theOTw 
ledge of what would otherwise have remained mere isolated 
phenomena. It brought to chemists, too, a feeling of unity 
of aim, by suggesting one general theory of reaction among 
bodies, whatever their origin, mineral, vegetable, or animal." 

That the theory was consistent with itself is obvious, since 
every phenomenon which it explained as caused by expul- 
sion of phlogiston is now regarded as due to* absorption of ^ 
oxygen. 
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file state’* And what was the state of general chemical knowledge 
chScaf^ in the decade previous to the establishment of Lavoisiefs 
knew- doctrine ? The stability of the elementary nature was accepted 

ledge. by all, and tHe indestructibility of matter felt by most. The 

methods of qualitative analysis were reasonably certain when 
applied to the investigation of mineral matter, and the quan- 
titative side of phenomena had been ably dealt with by 
Cavendish and Bergman. The differentiation of gases had 
been taught by Black and Cavendish, and the wealth of dis- 
covery from Priestley’s chance experiments had opened up the 
rich field of’pneumatic chemistry. Scheclc had ventured into 
llie domain of organic chemistry, and found a general method 
of attacking the mroblem of vegetable acids. Physiological 
chemistry must also have received some consideration ; other- 
wise one could hardly account for the sudden change of 
face undergone by the medical faculty on the introduction of 
the new doctrine, for the dire havoc wrought by disciples 
of Paracelsus had hitherto caused the medical faculty to look 
askance on any attempt at co-ordination bet’ween physiological 
fact and chemical theory. Moreover, the problems of affinity 
had not been left untouched, and the woik of Geoffroy, Stahl, 
and Bergman was sufficient to show students the value, if at 
the same time the difficulty, of their solution. As to what 
affinity really is, they knew as much almost^ as we do at 
present. 

A rigorous What was it, then, in the philosophy of L&voisier which 
Ibe progress we have now to detail? The new 
method theory of combustion has certainly proved correct, and bodies 
MwepSh accepted as elements have been proved compound; 

* yet there must needs have been something more to mark an 
epoch in the history of our science. And, indeed, it was 
in the submission to a rigorous, all-embracing quantitative 
method, depending on absolute conviction in the permanence 
of matter as the criterion of ail hypotheses, that we find the 
truest rationale of the advance. The way of progress had 
been groped for long, the times were ripe for its discovery, 
and Lavoisier was their chosen agent. One must not, however, 
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forget how much Lavoisier owed to his predecessors. Wurtz, 
in his history of chemistry; speaks of it as a French science 
founded by Lavoisier. If the real science of chemistry consists 
in the investigation of material substances, with a view to 
discovering their constituent parts and the truths underlying 
their interaction, a very cursory glance at the life-work of 
Boyle, Black, Cavendish, Scheele, and Bergman will show how 
far Wurtz’s patriotic bias was accountable for his statement. 

Jean Antoine Lavoisier i was born in Paris in the year 1743. Lavoisier, 
His precocious development was no doubt due in some 
measure to the excellence of the early education which his 
parents, with their considerable means, spared no pains in 
procuring him. He was elected a member of the Acaddmie 
FranQaise at the early age of twenty-five, and a ‘‘fermier- 
gdndral’^ the year following. From this time onwards his 
position was brilliant, and his scientific knowledge ever being 
called into requisition by the State. Yet not only was Lavoisier 
eminent as a scientist, he had views on his country's domestic 
affairs which were equally those of a revolutionary and a 
philanthropist. As secretary to the Board of Agriculture, he 
endeavoured to introduce reforms to ameliorate the conditions 
of the working classes, and did much on his experimental 
farms to demonstrate the means of their success. We find him, 
too, occupied wteh schemes for the founding of savings-banks, 
workhouses, and insurance societies. All the while, however, 
he remained a fermier-gdndral,” and in this capacity had 
again shown originality in attempting to stop many abuses ; and 
it was as a “ fermier-gdneral " that he was condemned by the 
Revolutionary tribunal in 1794 on the charge of “conspiring 
against the French people, tending to favour by all possible 
means the success of the enemies of France, ... of adding 
to tobacco water and other ingredients detrimental to the 
health of the citizens." His head was struck off. He had 
powerful friends in the tribunal, but they stirred not a finger 

* Cf. Hoefer, ffistoire de la Chimie, ii. pp, 489 et seq. ; also Thorpe, 

£ssaj's m Historical Chemistry^ rst ed., p. 87. 
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to save him. These friends, Fourcroy, Monge, Morveau, and 
Laplace, had named the new chemistry French chemistry,” 
and, with Lavoisier alive, there seemed little chance of its being 
dissociated from his name. Years before this, too, Lavoisier 
had criticized, with the severity of truth, Marat’s essay on Fire, 
and Marat was now in power. In the year following the 
French nation awoke to the enormity of the crime that had 
been committed, and Lavoisier’s remains were awarded a 
solemn funeral; his Hoge was spoken by Fourcroy I 

There are few great men who are not, open to criticism; 
Lavoisier has a name which will be revered to all time by the 
posterity of ail nations ; already during his lifetime his scientific 
pre-eminence wal recognized throughout Europe. Yet he was 
not content The desire of fame is one of the elements of 
human progress, and its consummation the deserved reward 
of the philosopher, Priestley and Cavendish are among the 
immortals; they discovered oxygen and the composition of 
water. Lavoisier’s^ eye was envious, and he would have claimed 
these discoveries for his own. 

Lavoisier’s It is probable that Lavoisiei’s mind was turned towards the 
combus^^ consideration of the air and the phenomena of combustion 
lion. so early as 1770. The three questions which seem to have 
arrested his attention were those of the composition of air, of 
the increase in weight of elements on calcinat^.on, and perhaps 
of the sufficiency of the phlogistic theory ;^for in 1772 he 
found it necessary to admit that “ men yd we do not know 
enough of phlogiston to say anything precise about it,” And 
very true this was, for among the phlogistonists there was 
unanimity only when the existence of phlogiston itself was 
called into question. What it might in reality be, no two 
chemists were agreed* One thought it elementary, another 
compound. Perhaps it was the material part of light ; perhaps, 
on the other hand, far from being material, it was the 
principle of levity itself. The reader may remember thif 
Mayow had expressed views on the nature of combustion 

^ Cf. Thotp^f Misaks in Misimicai Ckemisiry^ 1st efi., pp. 

Kopp, GeschkhU der Chemie^ i* p* 306. 
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closely in accord with what we know now to be truth ; other 
chemists, too, had made observations on the same matter far in 
advance of their times, and consequently barren.^ It may be 
that Lavoisier was incited to his fruitful labours by his study 
of these bygone philosophers ; it may be the spur came from 
within. Certain it is, however, that in 1772 he found com- 
bustion of sulphur or phosphorus in air brought increase in 
weight, just as had been found to happen with metals, and this 
with simultaneous absorption of air. A metallic calx heated 
with carbon gave off a gas which Lavoisier supposed had been 
taken from the atmosphere, an error which is readily under- 
stood and condoned, when one remembers that carbonic acid 
contains its own volume of oxygen. He •soon convinced 
himself, however, that this gas really contained carbon united 
to part of the calx, yet in rectifying this error he fell into 
another, believing that the province of the carbon used was 
merely to give back phlogiston to the air fixed in the calx. 

And now a small but instructive point^ Lavoisier knew 
that caibonic acid gas, like that left after the combustion of 
phosphorus, would not support the flame of a candle, and so 
he differentiated them, curiously enough, by their effect on 
animals. These, he said, will live in the after fumes of 
phosphorus, while they are instantly killed by carbonic acid, 
the correctness #f which statement was solemnly affirmed after 
experiment by IJ^acquer and other credible witnesses. 

In 1774 Lavoisier performed an experiment on the calcina- 
tion of tin,^ which has become classic. He heated tin in a 
closed flask, weighing the whole before and after; there was 
no increase in weight, so, clearly, heat was not ponderable. 
Th^ flask was then opened, air rushed in, the whole was 
weighed again, and there was found an increase, an increase 
almost equal to that in the weight of the tin. But Lavoisier 
had shown already that the air left after calcination of a metal 
was incapable of supporting the combustion of a candle ; he 
could now, therefore, state explicitly that the increase in weight 

^ Hoefer, Ilistoiredi la Chmk^ ii. 501. 

“ Ibid.^ p. 502. 
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of Ills tin was solely due to the absorption of some of the 
air in which its calcination had occurred; that atmospheric 
air w^as made up of two gases, salubrious and nomsaliibrious j 
and, incidentally, that the most salubrious portion of the airj 
which he believed to be that absorbed, was specifically heavier, 
and the azote left specifically lighter than ordinary air. His 
theory of combustion was thus nearly complete ; there remained 
only the isolation of the most salubrious ingredient, and in the 
October of 1774, Priestley, visiting Paris, was able to tell him of 
his own great discovery in the preceding August* Lavoisier at 
once grasped its full meaning, and set about its experimental 
verification. Compare the following experiment with that of 
the brilliant amateur, Priestley. Some mercury was heated in 
a rcloit, and the diminution in volume of the contained air 
measured; the grains of led oxide were collected, '^veighed, and 
again healed, ^and the gas evolved measured. 

As Priestley bad told him, this gas proved eminently suited 
for sustaining a flame and respiration. A few more expeiiments 
on the combustion of diamond in air and in the new gas of 
Priestley convinced Lavoisier of the true meaning of revivifica- 
tion of calces by carbon. The caibon combined with that gas 
whose absorption from the air had caused all the phenomena 
of calcination and combustion. 

Observation of the combustion products^ of phosphorus, 
sulphur, and carbon told Lavoisier that acidfty was certainly 
to be associated with an absorption of dephlogisticated ain 
In a paper ^ ^*On the nature of acids/^ read before the Academy 
in 3:778, he remarks, shall henceforth designate it/' the 
dephlogisticated air, or the eminently respirable air, *‘^by the 
name of the acidifying principle, or if it be preferred to have 
the same signification under a Greek word, by that of the 
principle oxygen.” And Lavoisier naturally thought that the; 
body produced by burning hydrogen in this oxygen would be 1 
an acid, and was therefore prejudiced when estimating the- 
results of numerous experiments he had made on it- Finally ; 
however, in 1783?, he received information from Blagden bfj 
* 'Cf. Kopp, 'GmMckieder Chmie^ iii. p. 212. 
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Cavendishes work^ and, after repeating it, found his explanation 
of the whoie of the phenomena of combustion completely 
verified. His mental grasp is here shown very clearly ; if, he 
said, water can be made by the union of hydrogen with oxygen, 
then, after taking away this oxygen, hydrogen should remain ; 
a fact which he then verified experimentally by passing water 
vapour over iron filings heated in a gun-barrel. So the pro- 
duction of water by the action of hydrogen on metallic calces 
was no longer a mystery, nor the evolution of hydrogen on 
dissolving metals in acids. It was the physicist, La Place, ^ 
who first took this hydrogen as coming from the water, whose 
oxygen, combining with the metal, formed its calx, which 
dissolved. 

All these years Lavoisier ^ had been fighting the scientific Spiead of 
world single-handed ; until the composition of water was ^ 

discovered, and its bearing on the questions at issue recognized, docinnc. 
even the French school held aloof from the radical change he 
advocated. But we now find Fourcroy, Beithollet, and Mongo 
giving their allegiance with enthusiasm to his pneumatic 
theory,” as Fourcroy called it. In England opposition was 
•continued till, finally, in 1791, even Kiiwan,^ the last doughty 
opponent of reform, and one who, regarding hydrogen as 
phlogiston, had carried on a long and skilful controversy with 
the French sawants, laid down his arms, admitting himself 
overcome by, the overwhelming proofs that Lavoisier had 
brought forward. Germany, the birthplace of the phlogistic 
theory, was most refractory ; her political relations with France 
may have contributed something to this, for only with the close 
of the century did she offer the new philosophy welcome. 

The whole science of chemistry seemed to centre now in The 
oxygen. It was oxygen which supported combustion, oxygen 
which conferred acidity, oxygen which the medical faculty try. 
seized on as the deus ex machina ” to solve all problems of 

^ Hoefer, Histoitedela Cldmie^ ii. p. 522, 

® Cf. Kopp, Geschichie der Chemte, i. pp. 317, 341, 

2 Cf. Essai sur le Phlogistique et sur la Constitution des Acidcs, traduit 
de PAnglois do M. Kirwan. Paris, 1788. 
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pathology. At one time disease was traced to excess of oxygen, 
and carbonic acid prescribed; at another^ if the symptoms 
suggested deficiency of oxygen, acids and oxygenous bodies 
generally were taken as antidotes. It is true that many 
prominent physicians and chemists protested against these 
extravagances, though perhaps the discovery of galvanism, with 
the new and more elastic basis for theorizing it supplied, was 
their most effective enemy. Such aberrations are always found 
when men have become suddenly aware of some all-pervading 
truth ; and, indeed, it is a leaning towards fanaticism that 
supplies the motive-power for overcoming time-honoured 
superstitions. 

Inspired by hfa new doctrine, Lavoisier now applied him- 
self to investigate the combustion of organic bodies in air. 
Finding carbonic acid and water invariably produced, he could 
postulate the presence in them of carbon and hydrogen certainly, 
and he soon found, moreover, that many substances, markedly 
those of animal origin, contained sulphur, phosphorus, and 
nitrogen in addition. He determined the approximate 
quantitative composition of several organic bodies by heating 
a known weight of the substance with a known weight of red 
mercury oxide, and weighing the carbonic acid and water pro- 
duced. He knew the oxygen content of the mercuric oxide, 
and so could discover how far this supplied die carbon and 
hydrogen with the oxygen they needed, and hpw far this was 
furnished by the compound under investigation. Lavoisier in 
this way determined the composition of alcohol, and how he 
used this in further experiment may be judged by the follow- 
ing ; — 3 ^ oz, 7 gros of water were mixed with 2 lb. S oz. of 
sugar, and after fermentation there was left i lb. 7 oz. $ gros 
18 gr. of alcohol, i lb. of carbonic acid having been evolved. 
The 2 lb. 8 oz. of sugar might then be taken as composed of 
i lb* 8 oz, of alcohol and x lb. of carbonic acid, or, in terms 
of the elements composing them, of— 

‘ 72 grs. «= I gtos. (Cf. Hoefer, IlrsMred^ fa ii* p. 526.) 

8 gros a? i oz, 
l 6 ozs, X Ib, 
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Hydrogen ... 

... 0 

3 

4 

49 ) 

Oxygen 

... 0 

8 

0 

54 > alcohol. 

Carbon 

... 0 

12 

2 

41 i 

Oxygen 

... 0 

II 

4 

12 \ carbonic 

Carbon 

... 0 

4 

3 

60 / acid. 


If we add the values for carbon and oxygen, we obtain a 
composition for sugar, which may be compared with that 
accepted nowadays. 




Lavoisier. 


Modern Values. 


lb. 

oz. 

gros grains 

Ib. oz. 

gros grains 

Carbon ... 

I 

0 

6 

29 .. 

• 0 

6 23 

Oxygen ... 

... I 

3 

4 

66 .. 

. I 4 

4 48 

Hydrogen 

... 0 

3 

4 

49 •. 

. 0 2 

4 43 

But the whole system of quantitative organic chemistry was 


too young for Lavoisier to foresee the nicety with which Liebig, 
later, could handle these methods of ultimate analysis; he 
regarded his experiments as merely confirmatory of his system, 
the composition of sugar a mere incident Organic bodies in 
general he took to be oxides of a radical, which might itself 
contain hydrogen and carbon, or in some cases these together 
with nitrogen, sulphur, and phosphorus. 

Lavoisier^s analyses of inorganic, as of organic bodies, were 
based on cogent reason. Here, again, he reduced chemical 
phenomena tb equations, ever insisting that the weight of a 
compound is equal to the aggregate weight of its component 
parts. To take a specific instance, that of nitre; the action of 
sulphuric acid on this salt was expressible thus, where ^ and y 
stand for its basic and acid radicals respectively : .x + y + 
vitriolic acid produce nitric acid and potassium sulphate (tartre 
vitriol^) ; whence it was obvious that nitre must be the nitric 
acid salt of potash. 

The evidence was strong in favour of Lavoisier’s contention 
that it was oxygen that conferred the property of acidity; ^ with 
scarcely an exception the oxides of the non-metaliic elements 
^ Kopp, Gesckkhte der C/iemk, i, pp. loS, 109. 
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were acids. An experiment which Lavoisier performed with 
the mercury salt of vitriolic acid added curiously to the strength 
of his conviction. On heating this salt it broke down into 
oxygen and the common oxide of sulphur ; vitriolic acid was 
thei> a higher oxidation product of tins oxide, its acidic pro- 
perties being certainly more marked. That oxidation did 
sometimes occur by such distinct steps had been observed, too, 
in the caSe of other elements, metallic and noii-meiailic, whence 
it followed that confusion in the mention of these oxides was 
hardly to be avoided. This and the existing trend towards 
quaBlilative exactness inspired Lavoisier, IMoxveau, Berthollet, 
and Fourcroy, in the April of 17S7, to lay a new system of 
nomexiclatiire before the French Academy. Already, in 1782, 
Bergman ^ had taken steps in the right direction by suggesting 
that each acid should be given some simple name, which should 
be given also to all its salts, that of their bases being added to 
mark the species. He had suggested ^^nitreiim'^ and ‘hiitrosum” 
for our nitrous and nitric acids. Bergman had not been, 
however, himself consistent in the use of his terms. Morveau 
had gone beyond Bergman, but not much; I'le was still a 
pblogistonist. Yet it was an adyance to have the name of 
a salt combining those of its mother acid and base, the salts 
of vitriolic acid being called vitriols, those of nitrous acid 
nitrites. Of course, Morveau's innovation wa^ attacked by 
both sides; the phlogistonists thought it too radical, while 
Lavoisieris school considered a pblogistonist no*' fit person to 
evolve any system of nomenclature at all But Lavoisier soon 
felt the need of some improved machinery for pronouncing his 
convictions, and on Morveau’s recantation the two met with 
this one end in view", to give names to chemical substances 
expressive at once of the nature and quantitative relations of 
their constituent elements. The compounds of oxygen with 
other elements, were classified as acids or oxides, according as 
they were acidic or basic, the name of the element from which 
they were derived being added ; the names of acids were given 
the generic termination -ique; or 4 quc and ^eux, when there 
* Kopp, GmMchie dcr CImik\ ii* pp. 415 st(i. . 
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were two composed of the same elements; those of the 
corresponding salts terminated in -ate and -ite respectively. 
The almost immediate acceptance of this new system through- 
out Europe bore testimony to its intrinsic value, a value fully 
recognized at the present day. In 1789 appeared Lavoisiei's 
Traite eknwitaire de Chhnie^ the herald to the world of the 
new, the antiphlogistic, doctrine, and of the new nomenclature. 


The names of Berthollet, Guyton de Moiveau, and Fourcroy BcitboIIct, 
deserve recognition from students of science. JMorvcau and 
Fourcroy were both zealous propagandists of the new doctrine, Fouicroy. 
and in this cause their social and political position — they were 
both powerful in the republican tribunal — ^rendered them 
effective. The issues of their practical investigations were not, 
however, of a sufficiently general character to make consideration 
of them heie oppoitune. On the other hand, Berthollet will 
ever rank with the highest. 

Jean Claude Beithollet^ was boin in 1748, and his cailier Berthollet, 
manhood was spent in the pursuit of medical science, though ^74^-* 
he found time to acquiie a very consideiable knowledge of ^ 
chemistry. From 1784, when he was made Professor at the 
Jardin des Plantes, his scientific work was very significant both 
to the technical and philosophical chemist. During the 
European blc^kade of France his intense patriotism and gieat 
gifts found vent in discovering the internal wealth of his 
country. Berthollet must have exhibited a singularly pleasing 
personality in those troubled days ; able, aimable, modest, and 
frank, he earned the friendship of all with whom he came in 
contact, even of Napoleon, whom he accompanied on some of 
his expeditions. He died full of honours in 1822. 


During the years 17SS-86 Berthollet was occupied with 
questions concerning chlorine. Scheele had already noticed 
the bleaching power of the gas, and Berthollet proposed to 
utilize this property in the arts. Every success attended his 
endeavours. Chlorine water was first employed ; but soon, at 
Javelles, its compound with potash was found more serviceable; 

^ Kopp, GeschkhU dcr Ckemu\ i, p, 329. 
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finally, chalk and other earths were substituted for potash, and 
their use as absorbents was covered by patent to Tennant at 
Glasgow in 1798. Beithollet^ had noticed that solutions of 
chlorine in water, when exposed to light, gave off bubbles of 
oxyfen, while hydrochloric acid remained. Lavoisier had 
already, true to his theory of the acidic nature, declared this 
acid to be a compound of some unknown radical murium with 
oxygen, and so to Berthollel the explanation of his phenomenon 
seemed clear. Chlorine was obviously a higher oxygenated 
product of this same radical murium, and readily gave off its 
loosely combined oxygen, becoming muriatic acid; chlorine 
was merely oxymuriatic acid. 

More happy vms Berthollet in reading the quantitative 
composition of prussic acid and sulphuretted hydrogen; he 
convinced himself that neither contaiiicd any oxygen, and was 
so brought to oppose the dictum that oxygen was the prime 
factor in producing acidity. His opposition met little en- 
couragement, however ; it was rather maintained that sulphur 
and nitrogen must themselves be compounds of oxygen. But 
we need not deplore this conservatism, for it alone has rendered 
the foundations of our science secure ; the greater the opposition 
to innovation, the more trencliant and convincing have in the 
end been the proofs of its necessity. Berthollefs fortune it 
was, too, to discover that some of the higher /)xides of the 
heavier metals behave as acids towards bases, and that ammonia 
is composed of hydrogen and nitrogen. But it was his great 
work on chemical combination that gave him enduring fame ; 
from this work, and that of his contemporary and antagonist, 
Proust, chemical science has reaped manifold and lasting 
benefits. 

It was in the year 1798 that Berthollet published his 
Mecherfhes -sur ks Ms de ruffinitL These nchmxkes had to do 
with qttestions, first, of the fixity of chemical proportions, and 
secondly, of the relation between the masses and affinities of 
reacting units. In bodi cases Berthollet was attacking estab- 
lished opinion. All the quantitative work of Bergman and 
^ Cf. Koppi GeschkhU der Chtmk^ iii. \x 354. 
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Lavoisier implied a certainty that constancy of proportions was 
the general rule. Yet that this constancy of chemical pro- 
portions in one particular compound did not negative the 
existence of another compound of the same elements, had been 
maintained even by Stahl after his experiments on the successive 
additions of phlogiston to sulphur, while the constant occurrence 
of carbon and hydrogen, and of them only, in a large number of 
organic substances, had left no doubt of the fact in the mind of 
Lavoisier. Bergman ^ regarded afSnity as a quantity fixed for 
each acid or base, and'had arranged these in the order of their 
relative affinities. The greater the weight of base required to 
neutralize a given weight of acid, the greater the affinity of the 
latter ; this was his root notion, and that oi his contemporaries. 
Any idea of what we now call equivalency was entirely lack- 
ing. It was Bergman’s belief that if one element, a, had a 
greater affinity for another, if, than had the third, c, then addition 
of a to the compound he would cause the complete separation 
of the element b ; this assumption it was that Berthoilet now 
combated. If, said Berthoilet,^ in solution, the particles of an 
element a come into contact with those of the compound br^ 
the particles of b will combine with both a and r; and if no 
volatilization or precipitation occurs, equilibrium will obtain 
when b is divided between a and r, in a proportion dependent 
first on theif relative affinities, and secondly on their relative 
masses ; the4)roduct of mass and affinity he called the chemical 
mass. Should, however, either one of the elements b or f, or 
a compound of one of them with a, be volatile or insoluble, 
then, since the action of a would lead to the elimination of b 
or c from the sphere of reaction, there would be no equilibrium 
till the change of partner was complete, for all opposing' 
influences to this would gradually cease to exist. In the 
preparation of such oxides as those of iron, Berthoilet allowed 
that sufficiency of oxygen must be present to overcome by its 
affinity the cohesion of the iron particles, while, on the other 
hand, excess of the gas must be avoided, or the iron would 

^ Kopp, CeschichU der Chemie, ii. p. 312. 

^ Ibid,, f 5 . p. 317. 
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finally, chalk and other earths were substituted for potash, and 
their use as absorbents was covered by patent to Tennant at 
Glasgow in 1798. Berthollet^ had noticed that solutions of 
chlorine in water, when exposed to light, gave off bubbles of 
oxyi^n, while hydrochloric acid remained, Lavoisier had 
already, true to his theory of the acidic nature, declared this 
acid to be a compound of some unknown radical murium with 
oxygen, and so to Berthollet the explanation of his phenomenon 
seemed clear. Chlorine was obviously a higher oxygenated 
product of this same radical murium, and readily gave off its 
loosely combined oxygen, becoming muriatic acid; chlorine 
was merely oxymuriatic acid. 

Acids^hat More happy was Berthollet in reading the quantitative 
oxygen composition of prussic acid and sulphuretted hydrogen ; he 
Certain convinced himself that neither contained any oxygen, and was 
so brought to oppose the dictum that oxygen was the prime 
metals, are factor in producing acidity. His opposition met little en- 
icidic. couragement, however ; it was rather maintained that sulphur 
and nitrogen must themselves be compounds of oxygen. But 
we need not deplore this conservatism, for it alone has rendered 
the foundations of our science secure ; the greater the opposition 
to innovation, the more trenchant and convincing have in the 
end been the proofs of its necessity. Berthollefs fortune it 
was, too, to discover that some of the higher pxides of the 
heavier metals behave as acids towards bases, and that ammonia 
IS composed of hydrogen and nitrogen. But it was his great 
work on chemical combination that gave him enduring fame ; 
from this work, and that of his contemporary and antagonist, 
Proust, chemical science has reaped manifold and lasting 
benefits. 

he work- It was in the year 1798 that Berthollet published his 
lenfiLl sur les lots de raffinitL These recherches had to do 

hnity. with questions, first, of the fixity of chemical proportions, and 
secondly, of the relation between the masses and affinities of 
reacting units. In both cases Berthollet was attacking estab- 
lished opinion. All the quantitative work of Bergman and 

^ Cf, Kopp, Geschkhte der Chcmie^ iii. p, 354. 

5S 



Lavoisier implied a certainty that constancy of proportions was 
the general rule. Yet that this constancy of chemical pro- 
portions in one particular compound did not negative the 
existence of another compound of the same elements, had been 
maintained even by Stahl after his experiments on the succdSsive 
additions of phlogiston to sulphur, while the constant occurrence 
of carbon and hydrogen, and of them only, in a large number of 
organic substances, had left no doubt of the fact in the mind of 
Lavoisier. Bergman ^ regarded affinity as a quantity fixed for 
each acid or base, and'had arranged these in the order of their 
relative affinities. The greater the weight of base required to 
neutralize a given weight of acid, the greater the affinity of the 
latter; this was his root notion, and that oShis contemporaries. 
Any idea of what we now call equivalency was entirely lack- 
ing. It was Bergman’s belief that if one element, had a 
greater affinity for another, b, than had the third, then addition 
of a to the compound be would cause the complete separation 
of the element b ; this assumption it was that Berthollet Jiow 
combated. If, said Berthollet,^ in solution, the particles of an 
element a come into contact with those of the compound bc^ 
the particles of b will combine with both a and c\ and if no 
volatilization or precipitation occurs, equilibrium will obtain 
when b is divided between a and in a proportion dependent 
first on theif relative affinities, and secondly on their relative 
masses ; the4)roduct of mass and affinity he called the chemical 
mass. Should, however, either one of the elements b or c, or 
a compound of one of them with be volatile or insoluble, 
then, since the action of a would lead to the elimination of b 
or c from the sphere of reaction, there would be no equilibrium 
till the change of partner was complete, for all opposing* 
influences to this would gradually cease to exist. In the 
preparation of such oxides as those of iron, Berthollet allowed 
that sufficiency of oxygen must be present to overcome by its 
affinity the cohesion of the iron particles, while, on the other 
hand, excess of the gas must be avoided, or the iron would 

^ Kopp, GescMchte der Chemie^ ii, p, 312. 

® Ikd,, fi. p. 317. 
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Proud's work is an index of the hold the quantitative Klaprotli^s 
method had taken on men's minds. But there were others 
than Proust doing much to exhibit its merits and extend its 1817. 
application. Klaproth,^ the first Professor of Chemistry at 
Berlin, and discoverer of uranium, titanium, and zirc'onia, 
introduced the custom of publishing not merely the corrected 
results of analysis, but the experimental data themselves, and 
he laid weight on the influence which apparatus may exert by 
introducing impurities into the samples examined, showing how 
and what must be the 'necessary corrections made. In 1792 
Klaproth, with many other German scientists, after an impartial 
examination of the experimental evidence for and against 
Lavoisier's new doctrine, seceded from the phlogistic school. ^ 

To Fourcroy’s collaborator, Vauquelin, we owe the dis- Vauquelin, 
covery of chromium and beryllium, the former of which he ^329^ 
found in the form of an acidic oxide in lead spar. His work 
on the separation of the rare metals platinum, palladium, 
rhodium, indium, and osmium shows us how far the horizon of 
the analyst had receded. From his laboratory came most of 
the rarer chemical substances required by his scientific country- 
men for their experimental work. 

To Fischer's German * translation (1802) of Berthollet's Wenzel, 
Recherches vms appended a table of the relative affinities of 
bases and aqds, founded on the experiments of a then little Richer, 
known German chemist, Richter, an account of which had 
been published by the author some ten years before. Richter's peJia- ^ 
attention had been arrested by the well-known fact of the uence of 
permanence of neutrality on mixing solutions of two neutral 
salts. A countryman of his, Wenzel, had previously attacked 
the same problem, and in 1777 had declared as his prime 
result, that neutrality was maintained because the quantity of 
acid in one salt was just that which was required to combine 
with the quantity of base in the other, that excess of one salt, 
itself neutral, was without effect on the solution, Richter,^ in 

^ Kopp, Geschichte der Chemis^ i. p. 343. 

® Ihd,f xi. pp. 359 it $eq. 



his Elements of Stoichiometry^ or Art of Measuring Chemical 
Elements^ gave the same explanation, and as a necessary 
extension of this view, arrived at his law of equivalence — those 
weights of different bases which will saturate one and the 
sam"^ weight of one acid will saturate one and the same weight 
of another. He prepared tables of equivalency for each acid 
with the several bases, and for each base with the several acids, 
and at the same time pointed out how all these results might 
be comprehended in one table. This was carried into effect 
by Fischer thus — « 


Bases ; 

Acids 

Alumina 


* 525 

Fluoric acid 

... 427 

Magnesia 


615 

Carbonic acid 

577 

Potash 


• 1605 

Sulphuric acid 

... looo 

Baryta 


. 2222 

Acetic acid 

... 1480 


Both Wenzel and Richter were before their time j Wenzel 
was a more accurate worker than Bergman, between whose and 
his own results there was therefore discrepancy ; these did not, 
therefore, meet with any credence, nor did theoretical views 
based on them. Richter found the scientific world wholly 
occupied by questions concerning the nature of combustion, 
and his words went to deaf ears. But even*' had it been 
otherwise, acquiescence in his deductions would have required 
a recognition of the constancy of composition, a point which 
to many minds still waited definite settlement. 

^ Kopp, Geschichte der Chemie^ ii. p. 365. 



CHAPTER IV 


DALTON’S ATOMIC THEORY AND THE WORK OF DAVY 
% 

The first years of the nineteenth century mark a new epoch in 
the history of chemistry ; from this time onwards the science 
has submitted to the dominance of a theory, whose far-reaching 
effects cause one to place its author, John Dalton, in the very 
first rank of the world's natural philosophers. Berthollet's 
conception of the varying composition of a chemical compound, 
Lavoisier's and Proust's dogmas of the constancy of chemical 
proportions, were equally reconciled in these philosophers' own 
minds with a theoiy of the constitution of matter, which, when 
applied quantitatively by Dalton, led as a necessary result to 
that marvellous advance in knowledge of chemical fact and 
.heory, which has continued unhaltingly to the present day. 

They were all agreed on this point, that matter was dis- 
continuous i^ its nature, that it was made up of finite but 
nfinitely minute particles called atoms.3 The atomic theory, 

IS it is calle(f, can be regarded, then, as Dalton's, only in its^ '' 
modern application. ^ 

So far back even as the fifth century b.c., Leucippus, the Atoms 
Eleatic, determined that all matter was made up of certain pdorto 
inite indivisible particles, differing only in size, figure, position, 
ind arrangement, by whose entangling in different combinations 
ill known matter had been brought into being; and this theory 
lad long been popular, though pertaining rather to vague meta- 
physical speculation than acknowledged physical fact. With 
he advance in scientific knowledge and intuition which 
■esulted from Boyle’s pioneering labours in the seventeenth 
;entuiy, we find the theory resuscitated in a more practical 
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form. (Boyle explained the different chemical activities of 
various elements as due to the different sizes of their so-called 
corpuscles, and regarded compounds as produced by union of 
these different corpuscles.) Views not very dissimilar were 
heia by Van Helmont and Boerhaave. In 1783 the English 
chemist, Kirwan, went so far as to speak of affinity as that force 
which holds atoms so intimately together that simple mechanical 
means are insufficient to separate them ; while his contemporary 
, and countryman, Higgins, writing in 1790 on the composition 
of sulphurous and sulphuric acids, gave it as his opinion that 
the atoni of sulphur is combined with one atom of oxygen in 
the first, but with two atoms in the second. It is in view of 
this statement, and'-others similar to it, that some have regarded 
Higgins as the real originator of the modem atomic doctrine. 
But Higgins confined his attention to a small number of com- 
pounds. His conceptions were not consistent with fact; he 
regarded those weights of elements which combine to form 
the simplest compound as in general equal ; and he made no 
attempt to seek confirmation for any theory he had in the 
laboratory. For long the common consent of public opinion 
has given the undivided honour, due to the discoverer of the . 
great atomic generalization in its modern aspect, to John 
Dalton. 

fjohn Dalton,^ the son of a weaver, was bojin in 1766 at 
‘Eaglesfield, in Cumberland. He received his early education 
from his father and the schoolmaster of the Quaker school at 
Eaglesfield, and, at the age of twelve, he himself began to'give 
lessons. At fifteen he removed to Kendal, where he remained 
twelve years, teaching in his cousin’s school; all the while 
educating himself by the, study of Latin and Greek, mathematics, 
and philosophy. On this latter subject he began to lecture in 
1787 ; but in 1793 found a wider sphere for his intellectual 
powers in Manchester, where he obtained the post of teacher 
of mathematics and natural philosophy at the new college. 
This college was removed to York in 1799, but Dalton remained 
in Manchester, where he lived by giving private lessons. The 
^ Cf. Butler, Bncyc, vol, 6, p. 784, 
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hours not spent izi this way he devoted to laboratory work, the 
results of which, with the thoughts suggested by them, were 
embodied in papers read from time to time before the Man- 
chester literary and philosophical society. The conceptiozirof 
the atomic theory, and the experimental work it inspired, 
brought Dalton prominently before the scientific public, and 
from 1804 onwards he was called upon to lecture in many of 
the principal towns of England. Advancing years brought 
him all the honours in turn which fall to the scientific philo- 
sopher of recognized genius. He remained in Manchester till 
his death, which occurred on the 12 th August, 1844, retaining 
his simple habits to the end. • Professor Sedgwick writes of 
Dalton as a man with a beautiful moral simplicity and single- 
ness of heart, which made him go on steadily in the way he 
saw before him, without turning to the right hand or the left 
and taught him to do homage to no authority before that of 
truth.” 

It has generally been supposed that the inception of Origin of 
Dalton’s ^ atomic theory was the result of co-ordinating certain atomic 
groups of phenomena under his law of multiple proportions, Atomic 
itself believed to be a deduction from the compositions of the weights, 
hydrocarbons methane and ethylene. But the atomic theory 
came otherwise j the information contained in Dalton’s own 
laboratory notarbooks, recently discovered in the rooms of the 
.Manchester Litgrary and Philosophical Society, points to a quite 
different genesis of his theory, ^t would appear that, prior to 
1801, Dalton was already considering Newton’s thesis that 
elastic fluids were composed of small and mutually repellent 
particles or atoms of matter, with a view to explaining the 
phenomena of diffusion. He accepted the atom, regarding its 
volume as made up of a hard nucleus and a surrounding heat- 
zone, but could only explain the inter-diffusion of gases by 
regarding these volumes as different for different gases, an 
assumption which he thought he had proved experimentally. 

And with this atomic theory of gases in his mind, Dalton now 
turned to matter in its solid and liquid states; and basing his 
^ Cf, Roscoe and Haiden, New Vtmof Dalton'^ s Ato7nic Theory, vii. etseg, 
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calculations on the experimental values published by recognized 
masters, we find him scribbling on a page of his note-book, 
dated September 6, 1803^ various numbers which were for him 
thofs^, relative weights of the atoms of several elements and 
compounds.^ 


Wt. at hydrogen 

... 

* • • 



1*0 


oxygen ♦*. 





5-66 

it 

azot •** ... 


«•* 



4*0 

»i 

carbon (charcoal) 





4*5 

j » 

water 


• • • r 



6*66 

jj 

ammonia ... 


»# * 



5*0 

j> 

nitrous gas 


• • « 



9*66 

it 

nitrous oxide ... 


i * ■ 



13*66 

ft 

nitric accd 

... 

*•« 



15*32 

it 

sulphur 

•«» 




17*0 

tt 

sulphurous acid 

•** 




22*66 

tt 

sulphuric acid 

• . . 




28*32 

it 

carbonic acid 

••• 




i 5 *S 

it 

oxide of carbon 

... 

... 



10*2 


Now, a careful examination of this table will show that 
Dalton had already recognized the law of multiple proportions 
by implication, as indeed he was bound, if his atoms of definite 
fixed weight were really indivisible ; yet there is no mention 
of light or heavy carburetted hydrogen, the relations between 
, which he probably did not discover till the sumpoier of 1804* * 
Atomic The calculating of the values given involved an Idea 
syni os, (j^j-^ainly new to Dalton, of the ultimate constitution of a 
substance. To render this more clear, he attempted, on 
another page of his note-book, a graphic presentment of the 
ultimate particles of various substances. We find nitrous oxide 
and nitrous gas pictured as ®©® and ® © respectively, water 
as 0©, ammonia as ©Q, gaseous oxide of carbon as © 
and carbonic acid as Q © ; in fact, the whole modern syst 
of formulation in embryo. 

The law of The answer to the question why Dalton should hs 
fmpHdty. conceived water as composed, in its ultimate particles, of one 
atom of hydrogen and one atom of oxygen, rather than of 

Afew View of DaltofCs Atomic Tkeofy^ p, 28, 
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these atoms in some other numerical proportions, we find in 
his law of greatest simplicity. In his own words, ^ “ If there are 
two bodies, A and B, which are disposed to combine, the 
following is the order in which the combinations may t^e 
place, beginning with the most simple, namely— 

I atom of A + I atom of B = i atom of C, binary. 

I atom of A 4“ 2 atoms of B = i atom of D, ternary.” 

By the word '‘binary” he meant that C was a binary 
compound or atom of the second order; D was ternary, an 
atom of the third order. When both binary and ternary 
compounds of the same two elements were formed^ Dalton 
held that one to be binary which was speoifically the lighter. 

That in some cases, however, two elements would combine to 
form even more than two compounds was demonstrated in his 
classical researches into the combination of nitrous gas (our 
nitric oxide) with oxygen ; “ the element oxygen may combine 
with a certain portion of nitrous gas, or with twice that portion, 
but with no intermediate quantity. In the former case nitric 
acid is the result ; in the latter nitrous.” 

It was in December, 1803, that Dalton first divulged in Publica- 
lectures at the Royal Institution an outline of his new theory tion of the 
but it was not till the publication of his friend Thomson's the^y 
System of Chemistry in 1807 that it became known to the 
general public.^ By this time Dalton was applying his doctrine 
in the elucidation of the nature of metallic salts. Accepting 
the view then current of the non-decomposibility of the alkalis 
and alkaline earths, he estimated the weight of base which was 
found combined with the atomic weight of the particular acid, 
and, still favouring his law of greatest simplicity, wrote this as 
the atomic weight. Already, in 1804, he had calculated the 
atomic weights of various metals, of silver, mercury, iron, 
copper, and from time to time, as new and more accurate 
researches came to his notice, he altered these in accordance 
therewith. 

Cf. Dalton, A System of Chemical Philosophy ^ 211-216, 210 220 * 

Alembic Club Reprints, 2, 30. * 
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Dalton as Until the year 1807 Dalton had relied almost entirely on the 
analytical work of others, but after this date^ he began to attack 
^ the problem experimentally himself, though he never attained 
anj: great proficiency. In the words of Davy, ^‘he was a 
coarse experimenter, and almost always found the results he 
required, trusting to his head rather than to his hands.” 

The Nm In 1808 appeared the first volume of Dalton’s New^ 
System. System of Chemical Philosophy. In its third chapter, entitled 
Chemical Synthesis,” he gave a detailed account of his theory, 
with various experimental data. The second volume of the 
New System was published in 1810, but the third not till 1827. 
In this work Dalton’s adherence to the old school of thought 
is well marked; many years had elapsed since the classical 
demonstration by Davy of the compound nature of the alkalis, 
yet he still wrote atomic weights for potassa and soda. In 
England the New System found vigorous supporters in Thom- 
son and Wollaston, and in Germany the question which it 
raised as to the proportion in which elements combined was 
attacked with avidity, though chemists for long were shy of the 
logical deductions from their work. 

Dalton While John Dalton was industriously working out the 
tkeiPwOTlc atomic theory, a countryman of his, Humphrey 

comple- Davy, was rapidly winning for himself an European reputation, 
mentary. ^ manner the work of these two men was complementary ; 

for while it was a recognition of a possible reconciliation and 
association between the products of speculative reasoning and 
facts of laboratory experiment — ^taking it broadly, a purely 
mental act — ^whidi redounded to the great glory of Dalton, 
it was in the main his remarkable aptitude for the technique 
of chemical science which placed Davy in a position of 
highest eminence during the first decades of the last century. 
The practical results of their life’s work, too, were comple- 
mentary; Dalton’s theory of atoms provided the necessary 
basis for a just appreciation of the unit with which chemists 
had to work, while Davy’s induction from his electro-chemical 
experiments as to the connection between affinity and chemical 
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function supplied the equally necessary conception of this 
force as an essential factor of a complicated molecular system. 

Both were philosophical experimenters as well as experi- 
mental philosophers, for both saw the necessity of framiwg 
some theory in accordance with known and demonstrable 
facts, and then working with a view to its experimental verifi- 
cation. 

Humphrey Davy,^ the son of an engraver^ was born at Davy, 
Penzance in 1778, The family circumstances were somewhat 
straitenedj and at the age of seventeen he was apprenticed to a ^ 
surgeon apothecary in his native town. The natural bent of 
his mind was not long in showing itself j his love for chemistry 
he fostered by study of Lavoisier’s and Nicholson’s text-books ; 
and when only nineteen he obtained through interest a post at 
the Bristol Pneumatic Institute, which gave him the chance of 
soon discovering himself to the scientific public. One of his 
first investigations had to do with the anesthetic properties 
of nitrous oxide, a gas at the time pronounced poisonous by 
eminent authority. Davy experimented with it on himself— 
judge of the man’s courage— and accurately described its effect 
-on the human system. He then subjected himself similarly to 
a trial of hydrogen, nitrogen, and carbonic acid. In 1801 
Davy left Bristol to become a lecturer at the Royal Institution, 
and two years later was elected Fellow of the Royal ' Society. 

He was soon ^necessary figure in the fashionable life of the 
day ; his auditors at the Royal Institution were numbered by 
the thousand; his name was on everybody’s lips. He was 
knighted in 18 ii, and created baronet in 1812. A terrible 
mining disaster at Felling brought him an invitation from the 
governors of the mine to consider the conditions of such 
occurrences ; and after an extended investigation into the nature 
of marsh gas in its different admixtures with air, he projected 
his well-known_ safety lamp. This is but one instance out of 
many of his scientific insight being turned to material advan- 
tage. Davy was elected President of the Royal Society in 
1820, and died at Geneva in 1829. 

^ Cf. Burton, jEncyc. Brit,^ voL 6, p.' 845. 
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Davy, working at the Royal Institution, had at his command 
an admirable electric battery, which he was not slow to turn to 
account. His acute mind and wonderful manipulative power 
SG^n spread light over all those chemical phenomena associated 
with electrical effect, on which men's minds were bent as likely 
to supply the necessary clue to the inner secrets of the com- 
pound nature. Priestley, in 1772, had noticed the effect of the 
electric spark on the volume of ammonia subjected to its 
action; Cavendish, later, had employed it in his synthetical 
experiments; and in 1789 certain Dutch chemists had even 
brought about the decomposition of water through its agency. 
In 1781 Lavoisier and Laplace recognized an electrification 
of metals concurrent with their solution in acids. Galvani's 
experiment in 1790 and the invention by Volta of his electric 
cell in 1800 were new and all-important elements in the 
induction which went to connect chemical and electrical phe- 
nomena. Nicholson and Carlisle, using Volta’s cell, immediately 
accomplished the decomposition of water ; and Berzelius and 
Hisinger showed this action to be general by their decom- 
position of various metallic salts, discovering that while 
oxygen, acids and oxidized bodies appeared at the positive, 
terminal, combustible bodies, alkalis and earths were simul- 
taneously produced at the negative. 

It had been noticed that on the electrolysis of water, traces 
of acid and alkali were always found at th^ positive and 
negative terminals respectively, and the opinion prevailed that 
this phenomenon was immediately connected with the decom- 
position of water as such. This gave the spur to Davy, who in 
1806 felt himself in a position to state explicitly that these 
acids and bases were a result of the decomposition, not of the 
water itself, but of salts it originally contained or had dissolved 
from the glass of the containing vessel. He could now offer, 
moreover, the first intelligible and consistent hypothesis in 
explanation of the observed phenomena that which, as a 
function of matter in bulk, impresses our senses as 'electricity, 
associated with smallest jJarticles, is affinity; an hypothesis 
based first, on the dissociation of a salt into acid and base 
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by passage of an electric current, and secondly, on the observed 
positive electrification of metals placed in contact with a solid 
acid and their negative electrification in contact with alkalis. 

It followed from this hypothesis that the electric potential^f 
the bodies in contact must increase with increase of tem- 
perature, till finally combination occurs, and this frequently 
with evolution of heat and light. 

On November 19, 1807, Davy^ gave an account to the Decomj 
Hoyal Society of his most recent work on the nature of the 
alkalis. He had made an attempt to decompose them by the alkalis, 
electrolysis of their aqueous solutions, but without success ; he 
had then passed a powerful current through solid potash fused 
over a fame, and had noticed a most intense light at the 
negative pole, due probably to the combustion of the element 
he was searching for. And his next experiment was decisive : 

small piece of pure potash, which had been exposed 
for a few seconds to the atmosphere, so as to give conduct- 
ing power to the surface, was placed upon an insulated dish 
of platina, connected with the negative side of a powerful 
battery, . . . the positive pole was brought in contact with the 
surface of the alkali. On passing the current, the potash 
began to fuse at both its points of electric action. There was 
violent effejivescence at the upper surface ; at the lower or 
negative surface there was no liberation of elastic fluid, but 
small globules having a high metallic lustre appeared.” And 
he had treated soda in the same manner with similar results. 

It appears,” he said, that in these facts there is evidence for 
the decomposition of potash and soda into oxygen and two 
peculiar substances.” To these two peculiar substances h^ 
gave the names potassium and sodium. 

Davy now turned his attention to ammonia. Reasoning Thg com 
from analogy, he expected to find its composition similar to that Position 
of the other alkalis, although Berthollet had found nothing but 
hydrogeh and nitrogen result from its disruption. Davy passed 
ammonia over heated iron and discovered traces of moisture 
^ PhiU Trans , 98 (1-44) » s-lso Alembic Club Repiints, 6. 
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in the gaseous mixture so producea ; ne estimated tue weight 
of hydrogen and nitrogen formed by its decomposition, and 
compared this with the weight of ammonia taken. He found a 
dij^erence, which he took to be due to the oxygen, whose 
presence was proved by the first experiment. Years later even, 
when there could no longer remain any doubt as to nitrogen 
and hydrogen being alone piesent in ammonia, Davy, and with 
him Berzelius, fell back on the hypothesis that nitrogen was 
itself the oxide of some element still nnisolated. 

Analogy again demanded the inclusion of the alkaline 
earths among compound substances, nor did these hitherto 
refractory bodies long withstand such enthusiastic experimenters 
as Davy and Berzelius. And so the enigma of the alkalis and 
alkaline earths was solved. There was no shock of sui'prise at 
the demonstration of their composite nature, for long ago the 
fact of bases being in general oxides had suggested this to 
Lavoisier, and rumours of their decomposition had been 
frequent It is from the year 1807, however, that we must date 
our real certainty of the fact. 

Davy next entered on a prolonged investigation ^ into the 
nature of oxy muriatic acid (chlorine), and as he had been 
successful in demonstrating the compound nature of the alkalis, 
so he now succeec|^ in proving the elementacry nature of 
chlorine. 

If' 

Some years before, Henry had passed ah electric spark 
through muriatic acid gas, and had observed the libeiation of 
hydrogen ; he observed, too, that the surface of the mercury 
over which the gas had been collected was simultaneously 
■^attacked, evidence sufficient to him of oxidation. Henry 
therefore opined that dry muriatic acid must retain water in 
combination, a view accepted by Berthollet in 1806, and 
ratified by the discovery of Gay Lussac and Th^nard, that the 
passing of muratic add over heated lead oxi^e was productive 
of water and muriate of lead. Lavoisier's dogma of a salt 
being compounded of an acidic with a basic oxide was still 
^ P/nA Trans*^ 99, 39 ; Alembic Club Reprints, 9. 

72 



almost universally upheld, and Gay Lussac and Th^nard were 
quite consistent therefore in believing muriate of lead composed 
of oxide of murium with oxide of lead, and the water formed 
to be that originally present in the gaseous acid Again, it w»« 
well known that when metallic potassium was brought into 
contact with muriatic acid, muriate of potassium was produced 
with evolution of hydrogen. This hydrogen must surely have 
come from the water of the muriatic acid, whose oxygen com- 
bined with potassium to produce the basic radical of the 
resulting salt. . 

On December 15, 1808, Davy read the first of his memor- Davy’s 
able papers on the nature of oxymuriatic acid before the 
Royal Society ; he was still a believer in th« compound nature 
of the gas, but with each succeeding paper he grew less and 
less convinced of this, and finally, in November, 1810, declared 
the gas elementary, naming it chlorine. By no means what- 
ever could Davy abstract the oxygen from oxymuriatic acid ; 
a succession of electric sparks produced no effect, neither 
did strongly ignited carbon. Were the gas oxidized, muriatic 
acid, phosphorus and sulphur might be expected to combine 
with the oxygen and liberate the muriatic acid; no such result 
had been obtained, however, and the oily liquids which were 
produced only yielded muriatic acid on the addition of water. 

The oxymuriatic acid, when passed over oxides of potassium, 
barium, and ot^er metals, produced muriates with evolution of 
precisely that amount of oxygen contained in the oxides. 
Referring to this experiment, Davy remai'ks, “ It is contrary to 
sound logic to say, that the exact quantity of oxygen is given 
off from a body not known to be compound, when we are 
certain of its existence in another.” Chlorine, then, was an 
element, as Gay Lussac and Thdnard had allowed possible some 
years before, though, in deference to Lavoisier's doctrine, they 
had chosen the more conventional alternative. 

This work of Davy's gradually brought conviction, and by Oxygen no 
the year 1820 his theory of the nature of chlorine was regarded 
as the one possible. By it was induced the first considerable 
modification of Lavoisier's system, for oxygen could no longer 
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be held the sole acidifying agent. Davy had recognized this 
immediately, and had spoken of all salts as haloid, the 
acidifying unit in one case being compound and in another 
(s^mentary. 

A French saltpetre manufacturer, Couitois, in i8ii dis- 
covered a strange substance in the soda obtained from sea 
plants; he told his discovery to Cl(fment, who showed the 
body in question to Davy. Davy soon demonstrated its 
elementary nature, and Gay Lussac, after a complete investiga- 
tion of iodine, as he called it^ and its compounds, succeeded in 
showing its marked likeness to chlorine. Bromine was dis- 
covered by Balard, in 1826, in the mother liquor of sea- water. 
Hydrofluoric acid i^esisted all attempts to isolate its radical, but 
Amphre's suggestion, that it was constituted similarly to muriatic 
acid, found general acceptance. 

The work of Davy had no bearing on the atomic system of 
Dalton. While admitting the possibility, and even likelihood, 
of matter being composed of smallest particles, Davy saw no 
reason to accept what he called Dalton's proportion numbers, 
as expressing the relations between the weights of these pai tides. 
But we now come to consider a body of research, the results of 
which in their later application proved of vital importance to 
the fortunes of the atomic theory. 

In the December of 1808 Gay Lussac^ read a paper before 
the Socidd d’Arcueil on the results of an investigation into the 
nature of combination between different gases. The small 
specific gravity of gases had long ago led to their quantitative 
estimation in terms of volume ; thus we find Priestley measpring 
the volumes of ammonia and muriatic acid, Cavendish those'of 
hydrogen and oxygen, and Berthollet those of nitrogen and 
hydrogen, which combine to form their respective compounds. 
And more ox less simple relations had been found to obtain 
between these volumes, a fact, however^ deemed of little im- 
portance. Gay Lussac had early made his mark as, an expert 
physicist by his recognition in 1802 of the identical behaviour 
* Cf, Alembic Club Reprints, 4 (8-24). 
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of all gases under the influence of increasing or decreasing 
temperature. In 1805^ after careful research in conjunction 
with Humbolt, he was able to announce that it was precisely 
two volumes of hydrogen which combined with one volume ^ 
oxygen to form water, a result sufficiently significant to make 
him curious about other phenomena of a similar character. In 
1808 his mind was made up. “I prepared fluorboric, muriatic, 
and carbonic acids,” he said, “and made them combine 
successively with ammonia gas. . . . We may conclude that 
muriatic, fluorboric, and carbonic acids take their own volume 
exactly of ammonia gas to form neutral salts, and that the last 
two take twice as much to form sub-salts,” He then quotes 
Berthollefs work on ammonia, and the w)lumetric ratios of 
sulphurous acid and oxygen in sulphuric acid, and of carbonic 
oxide and oxygen in carbonic acid, and finds all covered by 
the one general law, “gases combine in very simple ratios.” 
'Knowing these ratios, and the specific gravity of each of the 
combining gases. Gay Lussac was able to calculate the specific 
gravities of compounds resulting from their union; the con- 
firmation of these values by experiment gave him and othei's 
, complete confidence in the tiuth of his generalization. 

Ihat there was analogy between his law of volumes and Gay 
Daltoffis theory of combination by atoms was soon perceived 
by so acute ^ philosopher as Gay Lussac ; he saw in it proof Dalton, 
that both werg true. Dalton, on the other hand, repudiated 
any such proof. In the second volume of his new system he 
writes, “ Gay Lussac’s notion of measures is analogous to mine 
of atoms; and if it could be proved that all elastic fluids have 
the same numbers of atoms, or numbers that are i, 2, 3, etc., 
the hypothesis would be the same, except that mine is universal,*^ 
and his applies only to elastic fluids.” But Dalton had his 
own reasons, as we have seen, for believing the ultimate 
atoms of different substances different in magnitude ; moreover, 
he denied the experimental evidence for Gay Lussac^ 
hypothesis. 

The connection between Gay Lussac’s law of volumes and Avoga- 

Daltoffs theory of atoms was discovered in 18 ii in an essay 
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by Amadeo Avogadro,^ ‘^on a manner of determining the 
relative masses of the elementary molecules.’’ Avogadro at 
once divined that the explanation of the law of volumes must 
Jfe in the numerical relations of the smallest particles, and as 
the only obvious hypothesis he assumed the number of these 
smallest particles in equal volumes of all gases to be the same. 
Avogadro was thus at once met by a difficulty which had 
puzzled Gay Lussac; the latter had discovered the density 
of carbonic oxide to be less than that of oxygen, though the 
carbon with which the oxygen had* combined was a solid 
substance. Avogadro overcame this difficulty by assuming the 
smallest particle (moldcule) of an elementary gas to be made 
up of a number of ^ill smaller particles (molecule dlt^mentaire), 
in general two, though in some cases possibly four or eight, 
and showed how relative densities of gases calculated on this 
assumption completely agreed with values determined experi- 
mentally. So he could now criticize the weights assigned by 
Dalton to various atoms ; and this he did, showing how in no 
way did Dalton’s law of greatest simplicity necessarily give 
results agreeing with those founded on his own proved hypo- 
thesis ; that in the case of water, for example, the numerical' 
ratio of hydrogen and oxygen atoms must be 2:1, and not 
1:1. Consideration of carbonic acid led him to speculate 
on the density 'of carbon as gas, and he arrived^^at the value 
11^36, that of hydrogen being taken as unity. *.Some idea of 
his mental grasp of the problems befoi'e him may be obtained 
from the following passage : There fe, however, one difficulty 
in this supposition [that the density of carbon = ii’36], for we 
^give to the molecule of carbon a mass less than that of nitrogen 
and oxygen, whereas one would be inclined to attribute the 
solidity of its aggregation at the highest temperatures to a 
higher molecular mass, as is observed in the case of sulphuric 
and phosphoric radicals,” This difficulty he disposed of, 
arguing from the analogy of chlorine and mercury, one of 
which was already gas, and the other easily vapori:Eable. It 
is curious that neither "" 'Gay Lussac nor Avogadro brought 
^ Cf. Alembic Club Reprints, 4 (28-51), 
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forward the identical behaviour of all gases under change of 
pressure and temperature as evidence in support of their views. 

Avogadro’s conclusions met with scant respect from his Ampire. 
brother chemists; they were regarded as purely speculative^ 
and so without bearing on the practical questions at issue. 
Moreover, a differentiation between smallest particles, physi- 
cally smallest and chemically smallest, was held to compli- 
cate the question rather than conduce to its solution. So little 
regarded, indeed, was the paper of Avogadro, that Amphre,^ in 
1814, could publish as, his own, under cover of a letter to 
BeithoUet, conclusions very little different from those detailed. 

Ampbre met with as little sympathy as Avogadro. 

^ Gf. Kopp, Enhmchehmg der Chemify p. 354. 
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CHAPTER V 

BERZELIUS AND THE DEVELOPMENT OF THE 
ATOMIC SYSTEM, 

It was thirty years since Lavoisier had entered on his anti- 
phlogistic campaigil ; complete success had awarded his efforts ; 
and the weapons he had forged, of homage to experimental 
fact and scepticism of so-called established truths, were become 
the common property of scientific men. Lavoisier had felt that 
constancy of chemical proportions underlay phenomena ; and 
Proust, after demonstrating the weakness of Berthollefs position, 
had shown this to be, indeed, a fundamental truth of our science. 
And now there was Daltoffs theory of atoms, with its corollary, 
the law of multiple proportions, while the rapidly extending' 
knowledge of the disintegrating power of electricity supplied 
not only a host of new elements, but a theory to co-ordinate 
the most widely separated chemical facts. The sj)irit of order 
was creeping in on all sides to become incarnate during the 
early years of last century, in Berzelius, Though scientific 
societies, with all the accompaniments of printed transactions 
and foreign membership, were rapidly multiplying, news of dis- 
> covery did not travel very fast, and, coming from all quarters of 
Europe, left with the superficial a rather kaleidoscopic im- 
pression of brilliant fragments. But for Berzelius there were 
no fragments ; each fresh discovery came like a cast from the 
mould, needing but a touch here and a touch there, to fit 
exactly the body which with tremendous energy he had set 
himself to fashion. Prousfs law of constant proportions — on 
how small a capital of experiments it was founded I Berzelius 
confirmed it by a wealth of brilliantly achieved results, ^altorfs 

78 



theory of atoms — outside England it was cmiously regarded 
as an ingenious speculation without serious relation to fact! 
Berzelius received it, nourished it, and finally forced it full 
fledged on the world as the soul of all progress. The relation"’ 
between electricity and material substance— Davy, true, had 
glimpses of the light, but it was Berzelius who first grasped it, 
and utilized it to illuminate the whole domain of chemistry ! 

Berzelius was a man of lofty ideals, and of strength of mind 
and body to pursue his ideals ; hence came great work, and, as 
a necessary consequence, 'great power over his contemporaries. 

For thirty years he ruled as an autocrat, and his sense of co- 
ordination became disseminated through the whole chemical 
world j his chemistry was our chemistry in stfenuous youth. 1 

Jacob Berzelius * was born in r779 ; his father was a school- Berzelius, 
master at Westlbsa, in Sweden, and the boy in course of time *779- 
went to Upsala to study for the medical profession. He was 
but twenty when he undertook his first extensive chemical 
research — an investigation of the medicinal springs at Medevi, 
in the neighbourhood of his birthplace. Shortly afterwards, in 
i- 8 o 2 , in conjunction with Hisinger, he set to work to examine 
the action of the electric current on various salts, with the most 
far-reaching results for himself and his science; for almost 
immediately tfee desire to keep so promising a student in 
Stockholm prorrupted the authorities to create for him a new 
acadenxic position, that of assistant professor of chemistry and 
pharmacy to the medical faculty there. His star was in the 
ascendant; with the growing recognition of his great powers 
came offers of public positions ; and in 1807 he was finally 
installed in the chair of chemistry and pharmacy. This he 
continued to adorn for five and twenty years, and meanwhile 
the brilliancy of his work met with full recognition both at 
home and abroad. On the accession of King Karl Johann, in 
rSrS, he was ennobled; while seventeen years later, on the 
occasion of his marriage, he was created Baron. Foreign 

» Cf. Kopp, Geschtchte det- Chemie, i. p. 390; also Berzelius- Wohler, 
Berzelius-Kiebig, Britfwechsel, 
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societies entered his name with pride on their member sheets ; 
the directors of the Swedish iron works voted him a pension. 
Worthily had he maintained the scientific reputation of his 
•country, gained by the labours of Scheele and Bergman. 

Berzelius’ character was of too solid a type to be changed 
by the world’s applause; very warm and enduring was his 
friendship for those who by their life and work showed them- 
selves worthy; very scathing was his criticism on persons or 
things savouring of charlatanry or deceit. Mentally cautious, 
he was exceedingly conservative in -his opinions : “ Do not 
form convictions without the strongest evidence ; do not forsake 
them lightly.” Such was the philosophy behind his life’s work. 
Chemical science -^vas in a state of flux throughout his career; 
to his conservatism in great measure we owe that solid hody of 
scientific fact which slowly won conviction during the decades 
succeeding his death. 

Berzelius’ great reputation drew many aspiring students 
from all countries to his house in Stockholm, where for a time 
they might work side by side with the master, assimilate some- 
thing of his method and enthusiasm, and go forth to spread far 
and wide his doctrines. To some few months so spent may 
be traced much of the subsequent fame of Gmelin and Mit- 
scherlich, the brothers Rose, Wohler, and Magnus. “The 
laboratory ^ consisted of two ordinary rooms furnished in the 
simplest possible way ; there were no furnaces^or draught cup- 
boards ; neither gas nor water service. In one of the rooms 
were two common deal tables ; on one of these worked Ber- 
zelius ; the other was intended for me [Wohler]. On the walls 
were a few cupboards for the reagents ; in the middle was a 
mercury trough, while the glass-blower’s lamp stood on the 
hearth. In addition was a sink, with an earthenware cistern 
and tap, standing over a wooden tub, while the despotic Anna, 
the cook, had daily to clean the apparatus. In the other room 
were the balances, and some cupboards containing instruments ; 
close to was a workshop fitted with a lathe. In the -neighbour- 
ing kitchen, in which Anna prepared the meals, w^s a small 
, ^ From Thorpe^s £ssaj^s in ffisiorical Ckmiistry^ 1st ed., ^ 340. - 
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but seldom used furnace, and the never-cool sand-bath.” And 
over all presided the well-clad, portly, vigorous-looking” 
Berzelius. 

If the sand-bath was seldom cool in the laboratory, the' 
pen was seldom dry in the study. Berzelius’ literary activity 
was marvellous. A never-ceasing succession of papers, con- 
taining accounts of his laboratory work or criticisms on that of 
others, appeared in the various scientific periodicals; a yearly 
rhumk of progress in the physical sciences was furnished to the 
Stockholm Academy; while his numerous complete works on 
chemistry and kindred subjects spoke even more strongly of 
his unflagging zeal. But in the writing and revising of these, to 
meet the requirements of advancing knowledge, even Berzelius 
was impressed with a sense of the exactions of labour. “ The 
devil may write text-books of chemistry,” said he, “ for every 
few years the whole thing changes.” And when the day’s work, 
laboratory and literary, was put away, Berzelius still clove to 
his desk. His friends were many, his correspondence great, 
for his was not a lukewarm nature. An account of his latest 
research, a witty criticism of some savant’s inconsistencies, a 
paternal homily on perseverance, a brotherly solicitation over 
a friend’s misfortunes, and all harmoniously combmed, must 
have rendered his letters a delight to their many recipients. 

Berzelius’ £ehrbuck der Chemie, begun in the year 1808, Berzelius’ 
fixed the type for works of the kind. It appeared in five editions, LeMitck. 
and was disseminated over Europe in its various translations. 

It was characterized by succinct statements of fact, scientific 
method and omniscience. His opinions ^ on the standard 
English and French text-books of the day were by no means 
flattering, the first compiled without knowledge of anything 
not accomplished in England by Englishmen,” the last 
“restricted to co-ordination of French scientific literature 
alone.” “ How far they rahk behind the German ! ” he adds. 


When Berzelius, about the year 1808, began his investigation 

Berzelius- Wohler, Briefwechsel^ i, p. 267, 
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of chemical proportions, he was well aware of Proust’s con- 
clusions, also of Dalton’s newly discovered law. This law of 
multiple proportions was a generalized expression of the fact, 
first noticed by Proust, that where two different compounds of 
the same element existed, there was a definite jump in the 
proportions of the one element combined with the constant 
weight of the other. If Dalton was right, there was gained, as 
Berzelius saw, a very important step towards the consummation 
of his science. But was he light? Was the law of multiple 
proportions all-embracing ? Might it not be that the jumps in 
composition were often ordered merely by the character of the 
particular elements combining? Here was good ground for 
careful experime;^t, experiment which, too, must nearly touch 
another question Berzelius had much at heart. In his reading, 
preparatory, doubtless, to the compilation of his Lehrhucli^ 
Berzelius had come across Richter’s oxygen law, and in con- 
firmation of it had himself shown that those weights of bases 
which saturated the same weight of muriatic acid contained 
the same weight of oxygen ; that such weights would, moreover, 
saturate the same quantity of sulphuric acid, if one composition 
for the acid were consistently followed. But the two series of 
bases so obtained did not completely correspond ; thus the 
numerical relation between the weights of two bases, which 
saturated the same weight of muriatic acid, was>not necessarily 
that which held between those which saturate^ the same weight 
of sulphuric acid. Why was this ? 

The first position fortified was the law per saltum ” of 
Proust as it affected the oxides of lead; these he found to 
contain oxygen combined with the same weight of lead in the 
proportions i : if : 2. The oxides of sulphur next came under 
examination, and after an accurate analysis of their compounds 
with barium oxide, Berzelius found that the one contained just 
one and a half times as much oxygen as the other combined 
with the same weight of sulphur; and, incidentally, that the 
sulphates held four times as ipuch oxygen as the .basic oxide 
they contained. Then followed accurate analyses of the oxides, 
sulphides, sulphates, and chlorides of copper andjron* In 
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every case the percentage composition was calculated, and this 
with salts in terms of base and acid, 

Berzelius was at the time a steadfast believer in the com- Berzelius’ 
pound nature of chlorine; indeed, he did not give in to 
Davy’s opinion till 1820. His method of handling the various uve 
compounds containing this substance is therefore the more ^-nalysis, 
interesting. An example will serve to make clear this method 
and discover the logical basis of all Berzelius’ analytical labours. 

It must be remembered that Berzelius’ work with Hisinger 
on the disintegrating power of the voltaic current had already 
convinced the former of the dualistic character of salts ; the 
two parts combined were both oxides — the one base, the other, 
as Lavoisier had suggested, acid. 

“ Analyses of Silver and Barhm Muriates, 

“ I. I dissolved 3 grms. pure silver^ (reduced from silver 
muriate and preserved in the molten state for a considerable 
time to free it fiom carbon) with nitric acid in a small weighed 
flask, added pure muriatic acid, and evaporated to dryness; 
again added muriatic acid, and finally fused the product in 
the flask. The colourless horn silver so obtained weighed 
3*98 grms., which showed that 100 parts of silver had taken up 
32*7 parts of oxygen and muriatic acid — that, in fact, 100 parts 
of silver chloride contained 75*358 parts of silver. 

“ 2. From Ip grms. of silver, purified and treated in pre- 
cisely the same manner, I obtained 13 '2 7 5 grms. of molten 
silver muriate. From this experiment, then, it appears that 
100 parts of silver muriate contain 75*3296 parts of silver^ 

3, Ten grammes of carbonated baryta were dissolved in 
muriatic acid in a weighed flask; the solution poured into a 
weighed platinum crucible, carefully evaporated to dryness, and 
ignited. I obtained 10*56 grms. of barium muriate. 

“ 4. The same experiment was repeated, and this time the 
mass was left in the flask, and there dried and ignited ; again 
I obtained*io*56 grms. of barium muriate. 

^ Berzelius : Versuch, die bestimiuten und einfachea Verhaltnisse aufzu- 
finden. Qsttvalds Klassiker^ No. 35, p. 24 (i 81 1-1812). 
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“.Now, since loo parts of carbonated baryta contain 78*4 
parts of baryta, the io's6 grms. of barium muriate must contain 
272 grms. of muriatic acid, 

“But 10*56 : 272 as 100 : 2575 ; therefore 100 grms. of 
anhydrous barium muriate must contain — 

2575 grms. of muriatic acid, and 

74*25 grms. of baryta. 

“ 5. The 10*56 grms. of barium muriate obtained in the 
fourth experiment was dissolved in water and precipitated with 
silver nitrate. The molten horn silver weighed 14*55 
Silver muriate must therefore contain — 

18^7 parts of muriatic acid, and 

81*3 parts of silver oxide, 

from which it follows that 100 parts of silver oxide contain — 

92*67 parts of silver, and 
7*33 parts of oxygen.” 

The corresponding values accepted at the present day are 
93*09 and 6*91 respectively. Here is, thus, an error of approxi- 
mately but 0*4 per cent,, and this in an indirect determination 1 

His vast quantity of experimental work, carried out on such 
lines as these, gave Berzelius authority to state explicitly that when 
any two bodies, A and B, combine with one anpther in different 
proportions, a very simple relation is to be traced between the 
weights of the one element combining with the constant weight 
of the other; thus lA with iB (A and B represent the minimum 
quantity of either element) lA with i^B, lA with 2B, or 
lA with 4B, Here, then, was Dalton's law of multiple pro- 
portions verified, and verified too in its application to all 
inorganic compounds, soiid^ liquid, and gaseous. It must be 
observed that so far Berzelius had made no attempt at formula- 
tion ; he was merely concerned with minimums and maximums 
of elements in combination, and the relations between them. 
The law of Other law, foreshadowed by Richter-— the law of 

proper- reciprocal proportions — was also established; if two substances, 
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A and B, have affinity for two others, C and D, the amounts 
of C and D which saturate a constant weight of A are in the 
same ratio as those which saturate a constant weight of B. 

This reciprocal relationship enabled Berzelius, by calculation, 
to check results obtained in the laboratory ; it led him, more- 
over, at times to analyze bodies whose composition had hitherto 
been regarded as finally settled. 

Among the many substances analyzed by Berzelius were The com- 
those containing nitrogen— nitrates, nitrites, and ammoniacal 
salts. The expenmental part of the work offered no consider- and nitric 
able difficulty j he had only to ignite a known quantity of 
barium nitrate, and weigh the oxide left, to learn that loo parts 
of nitric acid saturated 14073 parts of barium oxide; and by 
the law of reciprocal proportions, this relation between nitric acid 
and baryta would suggest that between the same acid and any 
other base. But the composition of nitric acid ^ itself was by no 
means obvious. Was nitrogen to be regarded as elementary 
or not? Analogy between the salts of ammonium and those 
of the alkali metals, and still more between the amalgams 
which ammonia and these metals respectively form with 
mercury, made it possible that the bases of potash and 
ammonia were of one type. On the other hand. Gay Lussac 
had decomposed ammonia into nitrogen and hydrogen, and 
was now maintaiping that these were its sole and elementary 
components. If this was so, whence came its basic properties, 
for neither nitrogen nor hydrogen showed any, and how could 
any two elements combine to form a compound more electro- 
positive than either ? No ; Berzelius was convinced that the 
base of ammonia, like that of potash, was metallic; that this 
base, having combined with oxygen, then combmed with water 
to form the well-known alkaline gas. When ammonia formed 
salts, it was necessarily this oxide which combined with the 
acid, also an oxide; and the evolution of water on heating 
ammonic cjiloride with anhydrous lime was merely consequent 
on the salt containing water of crystallization. He offered the 

* Cf,' Berzelius, Ostieald’s Klassiker, No. 35, p. 97 (1811-1812). 
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following values as representing the composition of ammonic 
chloride : — 

Muriatic acid 49*SS 

Caustic ammonia ... 31*95 

Water 18*5 

Berzelius’ conception of nitrogen as the oxide of an 
unknown element ammonium received confirmation from yet 
other and quite different data* An analysis of barium nitrate 
yielded the following : — 

Nitric acid 100 parts 

Baryta 140*73 parts. 

Thus 100 parts of nitric acid saturated that amount of base 
which contained 14*66 parts of oxygen. But Berzelius had 
discovered that, in a salt, there always obtained some simple 
relation between the oxygen contents of base and acid ; and 
after Gay Lussac, 100 parts of nitric acid were composed of 
30-5 parts of nitrogen and 69*5 parts of oxygen (Gay Lussac 
had mistaken nitrogen peroxide for nitrogen pentoxide, and 
not unnaturally, for on combination with water it forms nitric 
as well as nitrous acid). But the ratio between 69*5 afJd 
14*66 was not a simple one, and the only explanation of 
the inconsistency between law and experimental fact lay in 
the assumption that the nitrogen of nitric acid itself con- 
tained oxygen. This question of the naJ;ure of nitrogen 
has been treated somewhat fully, considering the scope of 
this work; for the method of its logical and experimental 
treatment at the hands of Berzelius serve to give one 
a real insight into the theoretical and practical problems, 
which awaited solution at the beginning of last century. A 
thorough grasp of history is only possible when the conditions 
of work and thought at the time of action are appreciated ; the 
student must be in sympathy with his subject. 

By the end of the year 1812 Berzelius had published 
analyses covering the whole domain of inorganicc chemistry, 
and had achieved his goal ; constancy of proportions as a law 
could take its place beside that of gravitation. He had set a 
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standard too — one of indomitable perseverance, experimental 
accmacy, and intellectual intuition. 

On August I, 1812, Berzelius,^ in a letter to Dalton, writes, 
“ I am much obliged for your present of the new system of 
chemical philosophy, which gives me the more pleasure as I 
have long wished to know your views on a chemical point 
which has long interested me;” and no wonder, for in his 
hands was now the key to the problem whose character he had 
spent so many busy years in elucidating. The laws of constant 
and multiple propoitions had been to him by no means axio- 
matic ; had possessed, indeed, no a p 7 dori probability until read 
in the light of the atomic hypothesis. 5ut from this time 
forward matter to Berzelius was atomic, built up of smallest 
particles, these spherical and of equal magnitude, endowed 
with electric charges, which when different induced combination 
and consequent electric neutralization. To the ultimate par- 
ticles of a body so produced he applied the term “ compound 
atom of the first order ; ” to those resulting from the combina- 
tion of two “ atoms of the first order,” the term “ compound 
■^tom of the second order.” Such compound atoms of the first 
order as contained more than two elements were only to be 
found in organic substances, and were called by him organic. 
The task before him was plain. He must determine, with the 
greatest possible exactitude, the relative weights of the smallest 
indivisible particles or atoms of the elements, that from an 
analysis of any substance he might obtain a real presentment 
of its ultimate structure. Already he had estimated the gravi- 
metric minima of different elements in combination, and had 
shown that when two such elements unite in more than one pro- 
portion lA combines with iB, i^B, 2B, or 4B, where A and B 
represent such minima ; but was he therefore any nearer the 
relation of their atomic weights ? What guarantee had he that 
these minima were not multiples or sub-multiples of the values he 
sought? f Here was the same difficulty which had before taxed 
Dalton, who was fain to answer with Ms law of greatest 
' ^ JVew View of Dalton^ s Atomic Theory^ p. 156. 
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simplicity. Berzelius’ philosophic insight was too keen to 
allow any such compromise ; he required further data before 
he could attack his problem with any sense of security. 

The law of volumes enunciated by Gay Lussac in the 
December of 1808 came to Berzelius as the necessary “deus 
ex machina,” a deus which, while helping to cut the Gordian 
knot of the relationship between the weights of atoms and the 
minimum weights found by analysis, received its amplest 
theoretical vindication in the existence of these atoms. Theie 
seemed no reason why laws which held for the combination of 
gases should not hold equally for that of liquids or solids. But 
it was difficult to believe that there were not as many atoms in 
one simple gas as iq another, volume for volume — to believe, for 
example, that one volume of hydrogen contained only half as 
many atoms as one volume of oxygen, though, indeed, one 
volume of oxygen did combine with two volumes of hydrogen. 
It was difficult, therefore, to do otherwise than assume the 
water atom composed of two atoms of hydrogen and one atom 
of oxygen. 

If, now, this equality in the number of atoms present in 
equal volumes of different simple gases was a fact, one had'" 
only to determine the relative specific gravities of such gases to 
obtain the relation their atomic weights. Let us do this, 
said Berzelius;^ and, as an outward and visible -sign of our 
dependence on established fact, let us henceforth speak, not of 
atomic weights, but of volume weights. True, we know only 
two definitely simple gases ; but analogy, in the light of our 
laboratory experience, will enable us to postulate concerning 
the composition of many substances, as we can now do with 
"absolute certainty concerning the compounds of hydrogen and 
oxygen alone, Thus consider the oxides of carbon. Carbon 
unites with one or with two volumes of oxygen to form two 
volumes of the lower and higher oxides respectively; there 
seems a general tendency for two volumes of a gas to combine 
without condensation ; and why, in the case of the higher oxide 


^ Cf, Sur la TMorie des Proportions Chimiqtm^ p, 47. Berzelius, Paris, 
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of carbon, should we not assume that one volume of carbon com- 
bines with two volumes of oxygen, just as one volume of oxygen 
combines with two volumes of hydrogen ? If this is the truth, 
then the lower oxide of carbon must result from the combina- 
tion of one volume of carbon with one volume of oxygen. But 
what holds good for the oxides of carbon will probably hold 
good for the oxides of other elements ; they will be produced by 
the combination of one volume with one, two, or three volumes 
of oxygen. Some chemists will protest and say, Why one 
volume, and not two or three, with one, two, or three of oxygen ? 

Because, if two, it might be three or four, or nine or ten ; and, 
theoretically, it is extremely probable that such complicated 
atoms would break down at once into thosetmore simple. 

Now, just as carbon forms two oxides, so also do the metals The 
copper, mercury, and gold ; and by experiment it is found that 
of these oxides, those in every case containing the smaller 
quantity of oxygen, their atoms being composed of one volume 
atom of metal to one volume atom of oxygen, exhibit the 
weakest affinities; the higher oxides — those of marked basic 
character — will contain one volume atom of metal and two 
volume atoms of oxygen. Here is ground for generalization ; 
it is the more powerful bases, the oxides of potash and soda, 
those of barium, strontium, and calcium, whose ultimate atoms 
contain two volume atoms of oxygen to one volume atom of 
metal. The combination of three volume atoms of oxygen 
with one volume atom of aluminium, and three or six volume 
atoms with one of chromium, to produce in every case sub- 
stances of weakly basic if not actually acid character, makes 
us suspect other metallic oxides of similar properties to be^ 
analogously constituted. 

Wliile the weights of oxygen combined with one weight of The oxides 
carbon to form its two oxides are in the ratio i : 2, those com- <^f 
bined with sulphur are in the ratio i : i|. Allowing, then, that 
not more than one volume ator^ of sulphur can be present in 
one atom of either oxide, there must be two and three volume 
atoms of oxygen in these respectively, for i| volume atoms of 
oxygen is an unthinkable quantity. These results lead one to 
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suppose that there must or may exist a third oxide of sulphur 
hitherto undiscovered, into whose composition enter one 
volume atom of sulphur and one volume atom of oxygen. 
Berzelius’ lierCj then, we have the theoretical basis for Berzelius’ first 
Sato^ic f^t>le of volume weights (1813). The values are given relative 
weights, to that of oxygen taken as 100 — a course which had already 
been adopted by Thomson and Wollaston in England. The 
relative number of elementary volumes present in the ultimate 
atoms of the compounds analyzed are taken as known on the 
principle above discussed, and their ^weights calculated from 
analyses already published, or from others made for the special 
purpose of this calculation. To the following selection from 
Berzelius’ table are appended values calculated from those 
given on the assumption that 0 = 8; the reader will thereby 
more easily gauge Berzelius’ accuracy. The formula supply 
the theoretical reason for the numbers chosen. 



0 = 100.* 

0 = 8. 

Hydrogen ... 

6*64 (H^O) 

0*53 

Carbon 

... 75*1 (C 4 - 0 ) 

6*01 

Sulphur ... 

2opO (S4-2O) 

1 6 ‘08 

Iron 

ic S the lower oxide 7 

.... 693-6 1 (Fe + sO) t 

54*3 

Copper 

o^ic . - f the higher oxide > 

- 1 (Cu + 20) 5 

64-52 

Silver 

... 2688*2 (Ag4-20) 

215*06 

Potassium ... 

... 978*0 (K4-2O) ... 

78*24 

Chromium ... 

t the basic oxide ) 

- i (Cr + 30) 1 

56*64 


Chemical Berzelius was meanwhile evolving a system of chemical 
notation, notation which, in his words, might facilitate the expres- 
""sion of chemical proportions, show briefly and clearly the 
number of elementary atoms in each compound, and after the 
determination of their relative weights, present the results of 
each analysis in a simple and easily retained manner.” The 
atom of each element was implied by the initial letter of its 
latinized name, a second letter being added when two elements 
had names beginning with the same capital. An index number 

^ Kopp, Enhmhelung der Chernk^ p. 368. 
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was added in cases where more than one atom were present. 
A presentment of the two oxides of copper was thus supplied 
by the "expressions Cu + O and Cu + 2O. ^ This method 
proved impracticable, however, where atoms of the second or 
third order were concerned ; (Cu + O) + (S + 3O) was almost 
as cumbrous as one of Dalton’s old diagrammatic formulae, so 
for such bodies he suggested Cii Cu the several dots 
standing for atoms of oxygen, and the index signifying two 
molecules of the sulphuric acid radical. As an example of his 
formulation of an atom^of the third order, we may take alum, 
(K.S® 4 * 2Ai S®) + 48H^0. But Berzelius by no means 
regarded these formulae as final, nor the volume weights based 
on them j he was constantly haunted by tb^ idea that possibly 
such oxides as those of sulphur might be better expressed as 
S 4- O and sS 4 3O, than by the formulae he had adopted. His 
table of volume weights was presented rather with the object of 
offering to the practical chemist data for the calculation of 
necessary quantities, than of dogmatizing on what he felt 
must remain a question for each chemist to settle to his own 
satisfaction. 

One must not imagine that in the determining of the com- 
bining values of the elements Berzelius held the field alone. 
Both in England, the home of the atomic theory, and in 
Erance, the bii^thplace of the rigorous quantitative system, the 
work of the laboratory was directed in a measure towards this 
end. But there was a feeling abroad that theory must be kept 
within bounds ; the downfall of phlogiston was too recent not 
to point a moral, and the atomic theory seemed insidious^ 
Davy thought it safer to speak of proportion numbers, numbers 
which were experimentally verifiable and independent of any 
theory whatsoever. Wollaston, too, took the same point of view in 
drawing up his table of ‘‘ chemical equivalents ” — the correspond- 
ing quantities of different substances — copies of which found 
their way into most of the laboratories of Europe. These 
equivalent weights were in part derived from experiments con- 
ceived in the spirit of Richter, and in part from measurements 
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suggested by Gay Lussac’s law of volumes; they were pre- 
sented with their logarithms; and the table was accepted as a 
species of chemist’s ready reckoner. Still, neither Davy nor 
Wollaston was blind to the appositeness of Dalton’s theory to 
their facts, though they refused official sanction to associating one 
with the other. Similarly in Fiance and Germany, Gay Lussac 
and Gmelin, while exercising themselves in the determination 
of stoichiometrical relations, appeared equally anxious to avoid 
any appearance of theoretical bias. Gay Lussac proposed the 
term rapport” for the values obtained, admitting, however, 
the suitability of proportional numbers,” estimating these on 
the one hand from the results of ordinary gravimetiic analysis, 
and on the other «by deductions from his law of volumes. 
Gmelin thought that ‘‘mixing weights” best expressed the 
meaning he would convey by his numbers, but admitted their 
somewhat arbitrary character, owing to a difficulty in knowing 
when one might assume one and when two “ mixing weights ” 
of one element to be combined with one “ mixing weight” of a 
second in any given compound. 

Of those chemists who approached the problem in the spirit 
of Dalton, the Englishman Thomson was the most con-' 
spicuous; and shortly before the publication of Berzelius’ 
scheme of atomic weights, he had printed in his Annals of 
Fhilosofhy a table identical with it in character. Many of 
the values given, however, differed radically, being multiples or 
sub-multiples of those of Berzelius. The latter was guided by 
Gay Lussac’s law of volumes in his choice, but this law was of 
little assistance to Thomson, who, [like Dalton, looked on it 
a mere ingenious speculation. The law of greatest simplicity 
furnished him with what he piously believed firmer foothold — 
in any compound the smallest particle will contain one atom, 
and one atom only, of at least one of the components — so he 
made it his object to determine the smallest weights of elements 
ever found in their compounds. It seemed to him, as to 
Wollaston and Berzelius, most convenient to accept the atomic 
weight of oxygen the unit, for it was generally the oxides 
which supplied the numerical data for calculation ; and, again, 
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the part played by oxygen in its compounds was so alhim- 
portant. Moreover, having drawn up his table according to 
this scheme, he lighted on a fact which appeared most signi- 
ficant, and which would not have been obvious had hydrogen 
been accepted as the standard element. The following were 
some of his values : — 



0 = 1*000. 

0 = 8 . 

Hydrogen ... 

0*132 (HO) 

I *06 

Nitrogen 

... 0*878 (NO) 

7*02 

Oxygen 

1*000 

8*00 " 

Sulphui 

...’ 2*000 (SO) 

16*00 

Iron 

... 6*666 (FeOg and FeOg) 

53*33 

Copper 

... 8*000 (CuO) 

64*00 ' 

Lead 

.. 25*974 (PbOs, PbOg, PbOj 207*79 

Mercury ... 

... 25*000 (HgO) 

200*00 * 

Potassium ... 

5*000 (KOandKOs) ... 

40*00 " 


Five of these atomic weights were simple multiples of that 
given to oxygen. It is true that Dalton's atomic weights had 
all latterly been expressed by whole numbers — multiples, there- 
fore, of that of hydrogen — ^but this had merely implied a con- 
fession of difficulties in analysis. No such confession could be 
'conveyed by Thomson’s tables ; for here values were given to 
three places of decimals, which precluded all possibility of 
the simple relations indicated being due to mere coincidence. ^ 

No developments followed, however, though some idea of the ^ 
ultimate unity the elementary substance must have been . 
latent in Thomson’s mind, as judged by his subsequent 
attitude to the question of a one primordial substance. 

In the year 1815 there appeared in the Annals of Philo- Prout’s 
sophy a paper by an anonymous author, on the numerical* 
relation between the specific gravities of elements in the state 
of gas and their atomic weights. These specific gravities were 
directly determined in the case of oxygen, nitrogen, and 
chlorine, and indirectly for other elements, on the assumption 
that the specific gravities of these^bore the same relation to 
one another as did their atomic weights. The numerical 
values advanced for these atomic weights were deduced partly 
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from the experiments of others, partly from the writer’s own. 
Their accuracy may be fudged by the following ; — 


H = 1 
0=6 
N = 14 
P = 14 
0=8 
S =16 
Ba = 70 


Ca = 20 
Na == 24 
Fe = 28 
Zn = 32 
Cl = 36 
K = 40 
. I =124 


Now, according to the author^ ^hese values also represented 
the relative specific giavities of the corresponding elements; 
and in a paper published the following year, in which the 
author discovered himself to be an English physician, called 
Prout, he suggested that the specific gravity and atomic weight 
of hydrogen should be given as i, that a knowledge of the 
atomic weight might carry with it a knowledge of the specific 
gravity too. Piout observed that all these values were whole 
numbers, and did not long delay his conclusion; for since 
there is no effect without its cause, he could only assume that 
hydrogen, the unit, was the one primordial substance of ail 
the elements; oriperhaps hydrogen 'and oxygen, since, so many 
of these numbers being directly divisible by four, a unit greater 
' than one seemed to suggest itself. Here, then, was the genesis 
of a philosophic conception which has rendere'^d Prout’s name 
famous. Great was the excitement it caused. This resuscita- 
tion of the ancient idea of the essential oneness of matter 
appealed, as it still appeals, to the imagination of philosophers. 
Tfere, embodied and boldly enunciated, was a principle which 
many a chemist, more expert and so more cautious than 
Prout, had felt must underlie the mysteries of science ; and, 
what was more important, here was a goal to the refining and 
super-refining of analytical procedure. On reading - these 
. papers, Thomson was led into the same train of thought as 
that induced by a criticism of his own table. He again 
pointed to the evidence contained there, and, in publishing 
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this table in a revised form, only allowed those values which 
were multiples of the atomic weight of hydrogen. 


Between the years 1814 and 1818 Berzelius’ attitude 
towards Dalton’s hypothesis became more defined. He was 
dissatisfied with the “ volume atom,” whose magnitude could 
only be measured with certainty for hydrogen and oxygen. 
After all, it was the nature of the atom which was the goal 
of the chemist’s research. It was only by a stretch of fancy 
that the idea of volut^e atom ” could have any meaning at 
all when applied to bodies in the solid or liquid state. The 
law of volumes, however, remained a momentous truth; it 
received its readiest explanation by assummg equal volumes 
of simple gases to be made up of equal numbers of ultimate 
particles ” — “ particles,” “ atoms,” molecules,” or “ chemical 
equivalents,” whatever one liked to call them — for then the 
values obtained for these particles, whether calculated from 
the measurement of gaseous volumes or from the results of 
ordinary chemical analysis, were identical. Berzelius, in re- 
viewing the whole subject, became oppressed with the un- 
scientific, slapdash manner in which it has been approached 
by his contemporaries. Was there no general principle, dis- 
coverable by a patient and acute study of the facts hitherto 
accumulated, which might guide one right in the choice of 
atomic weights from the many values submitted ? Was there 
no means of knowing for certain whether a particular oxide 
had the formula RO, RO3, or R^O, whether RO^ or RgOa? 
After mature consideration, Berzelius could only answer in the 
negative. His atomic weights could at best only be regarded 
as probable, and in some cases hardly this, for that there w^s^ 
possibly an atomic ratio 2R : 3O was now to him something 
more than a lurking suspicion. Meanwhile he offers a revised 
table of atomic weights. The values given have in some cases 
undergone considerable modification in view of fresh and more 
accurate analyses, but the principles on which they are calcu- 
lated remain the same. 

Any success which had hitherto marked Berzelius’ efforts 
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to arrive at tlie tfue atomic weights was due to his adaptation 
of the law of volumes to Dalton’s hypothesis, to his acceptance 
of this law as one based on the properties of matter in the last 
state of subdivision, in the state of atoms. He was limited in ^ 
this as the number of elementary gases was limited. It was 
only when discovery of further generalizations as to the quanti- 
tative relations between matter atomic and matter in bulk 
had removed the scales from his eyes, that he could advance 
to place the atomic theory on an enduring pedestal. His 
corrected table of atomic weights was published in i8i8. The 
year following brought with it the enunciation of two laws just 
of the character to supply the necessary data for a safe deduc- 
tion of atomic rafios from the results of analysis; but the 
consideration of Dulong and Petit’s law of atomic heats and 
Mitscherlich’s law of isomorphism will aptly serve to introduce 
a new chapter. It only remains here to give a brief account 
of the accepted views (Berzelius’) on the nature of chemical ^ 
combination and the substances thereby produced. 

Lavoisier’s With phlogiston discredited, it had become necessary to 

of fire^^ supply some new explanation, consistent with Lavoisier’s 
doctrine, of the phenomena of flame. Lavoisier himself be- 
lieved ignition due to the evolution as sensible heat of the heat 
latent in gaseous oxygen ; and this, on first thoughts, seemed 
plausible enough, obvious cases being those of a metal calcify- 
ing in air and oxygen. Lavoisier’s dictum ceased, however, to 
yield satisfaction as soon as attention was concentrated on the 
oxide of carbon, whose preparation involved the gasification of 
a solid element, and which was itself possessed of a higher 
""specific heat than either of its components. The combination 
of hydrogen with oxygen was another case in point ; moreover, 
it had been known for a considerable time that incandescence 
accompanied the union of certain metals with sulphur, solid 
substances all of them. Judging by experience, then, one 
would rather say that chemical combination, being accompanied 
by evolution of heat, often led, where the stronger affinities 
were concerned, to incandescence. 
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The inception of the idea of current electricity, and the 
striking results obtained through its employment by Berzelius 
and Hisinger on the one hand, and Davy on the other, focussed 
men’s minds on this form of energy. As we have seen, it led 
to Davy’s identifying chemical affinity with electricity. But it 
was Berzelius who developed this idea, demonstrated its con- 
currence with fact, and by its aid evolved a system which 
embraced the whole field of chemistry, animal, vegetable, and 
mineral, a system which withstood every attack for thirty years. 
Berzelius ^ started with the postulate that chemical affinity is in 
its nature electrical, that all chemical phenomena must there- 
fore find explanation in terms of atoms furnished with pre- 
pondeiating polarity, either positive or negative. Now, what- 
ever may be the nature of electricity, it is certain that it is 
never evoked in any substance other than in equal quantities 
of positive and negative, and so this fact of the preponderating 
polarity of a particular atom can only be explained on the 
analogy of a magnet with one pole weaker than the other. 
Two atoms, then, the one with preponderating negative, the 
other with preponderating positive polaiity, combine with evo- 
lution of heat — it may be light, this is merely a question of 
degree — and a compound of the first order is formed. This com- 
pound will still be possessed of definite polarity, positive if it be 
potassium oxide, negative if sulphuric acid, and, when two such 
bodies come in ^lontact, there will be a tendency to unite with 
partial neutralization of their charges, evolution of heat, and 
production of sulphate of potash. Even yet the positive polarity 
of the potassium oxide may assert itself, and the compound act 
accordingly ; it may combine with sulphate of alumina to form 
a compound of the second order, the double sulphate of potash 
and alumina. And, again, the existence of potash alum with 
its water of crystallization shows that this double sulphate 
behaves as the electric antithesis of water in forming a com- 
pound of the third order, common alum. 

If, then, chemical combination is dependent on the neutra- 

' Berzelius, Stir la Thiork des ProprUms CUmiques^ p. 56. Paris, 
1819. 
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lization of opposite electric charges in the concurrent atoms, 
decomposition must necessarily be associated with a redisposal 
of the neutral electricity^ or a return to the combined atoms of 
their original polarity. Hence arise the phenomena observed 
on passing an electric current through a salt solution. Now, it 
is in solution that substances show themselves most active; 
and naturally, for only then are their ultimate particles abso^ 
lately free to oppose their different preponderating charges. 
Solution in itself is not to be associated with a play of chemical 
affinities, otherwise there would be no reason why all substances 
should not prove equally soluble. 

Berzelius compiled a table comprising all the elements 
regarded from the electro-chemical standpoint. Oxygen^ the 
most electro-negative^ stood firsts and potassium^ the most 
electro-positive, last; while between these extremes were 
elements which, though acting as electro-positive to those 
above them^ were electro-negative to those below. Still, one 
was not to regard this table as supplying the necessary order 
of affinities to oxygen. Sulphur, though standing higher in the 
scale, combined more strongly with oxygen than did lead, a 
fact readily explained by the reasonable assumption that the 
positive charge of the sulphur atom neutralized more negative 
electricity of the oxygen atom than the positive charge of the 
lead could do ; though, relatively to each other^ sulphur and 
lead were negative and positive respectively. Specific polarity, 
indeed, was to be differentiated from capacity for polarization, 
for though one could regard the first as constant for each atom, 
one could not so regard the second. The capacity for polari- 
zation seemed rather to vary with the temperature; certainly 
this was the case with carbon^ whose affinities, or electric pre- 
dilections, became so much more marked at a high temperature, 
and with gold, whose compounds under the same circumstances 
entirely lost their stability. 

Berzelius^ electro-chemical theory being accepted, all the 
observed laws of chemical combination followed as necessary 
consequences; even Berthollefs Bssai Chimiqm was afforded 
a philosophical foundation : sulphuric acid reacts with copper 
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muriate, and there results copper sulphate and muriatic acid, 
for the negative electricity of the sulphuric acid neutralizes 
more positive electricity of the copper oxide than could that of 
the muriatic acid. But the muriatic acid atoms remaining in 
solution still retain their negative charges, whose cumulative 
influence, though each is weaker than that of the sulphuric acid 
atom, causes a limited redistribution of the atomic complexes in 
solution. Had, however, the initial change been associated 
with precipitation of the new substance or its elimination as 
gas from the sphere of action, such ultimate reciprocity would 
have been rendered impossible, and the change would have 
proceeded in one direction to completion. 

Berzelius was responsible for a comprehensive theory of Berzelius 
chemical reaction, a working system of notation, and a vast 
quantity of experimental data. Nor does the tale of his clature. 
activity during the second decade of the nineteenth century 
end here, and no story of the chemistry of that time would be 
complete without some mention of the new nomenclature 
he was striving to introduce. It was Berzelius’ belief that 
“precision and consequence in names contribute much to 
precision and consequence in ideas,” that “confusion in the 
foimer will often cause confusion in the latter,” and the 
demand for a new edition of the Swedish pharmacopeia gave 
him, in the year i8ii, an admiiable opportunity of putting this 
belief, as it affected his science, to the test of practice. Davy 
was of opinion that names given to various chemical substances 
should have a trivial nature, as otherwise every influx of new 
experimental data would necessitate complete change of the 
whole nomenclature, and so lead to confusion. With this 
attitude Berzelius had no sympathy ; for him the terms applied 
must suggest place in a general system of chemistry, while they 
should be sufficiently elastic to allow for necessary increase of 
knowledge. 

As a basis for his terminology, Berzelius^ chose Latin, the 

^ Cf. Berzelius, Sur la Thiorie des Proportions Chimigues^ p. 153 (also 
Tables). Pans, 1819. 
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one language common to all European nations. With the 
exceptions, therefore, of sulphur and phosphorus, the names 
of all his elements end in -um, thus — ^fenum, zincum, aluminium, 
magnesium. Those metallic oxides which show only a weak 
affinity in reaction, bodies with the formulae M + O or 2 M + 0, 
were to be called suboxides ; those which combine energetically 
with acids, simply oxides ; and those which only combine after 
loss of oxygen, superoxides. He applied the term acid ” to 
such substances as the oxides of sulphur and nitrogen, which, 
on combination with metallic oxides, form salts. When one 
metal, say ferrum, formed two oxides possessing different 
degrees of basification,*' such names as oxidum ferrosum 
and oxidum ferricum would convey this knowledge ; similaily 
the terms acidum'^phosphorosum, phosphoreum, and phosphori- 
cum would imply different stages of oxidation of phosphorus. 
Salts produced by the reaction of the above two oxides of iron 
would have names made up of the terms ferrosus and ferricus 
on the one hand, and, where the acid in question was derived 
from phosphorus, of phosphis, phosphes, and phosphas on the 
other. Hence sprang such names as phosphis ferricus, sulphas 
ferrosus, murias hydrargyrosus.* 

Berzelius regarded this system of nomenclature as superior 
to that advocated by Thomson in England. Thomson em- 
ployed the prefixes prot-, deut-, tri-, and per- in differentiating 
between the several oxides of one element, and so left no 
room for any new oxide which might be disc<jvered containing 
even less oxygen than the protoxide. Again, in naming such 
salts as those formed by combination of his protoxide and 
trioxide of iron with sulphuric acid proto- and per- sulphate 
^ respectively, he was inconsistently referring the different 
degrees of oxidation to the acid rather than to the base. As a 
matter of fact, both Berzelius’ and Thomson’s systems of 
nomenclature survive in terms which will at once suggest 
themselves to the reader. 



CHAPTER VI 


THE FORTUNES OF T^E ATOMIC THEORY BETWEEN 
THE YEARS 1819 AND 1 844 

Berzelius' great genius is admirably exemplified by his con- Berzelius 
sistent attitude towards the theory of Dalton ; he recognized 
the atom at once as a definite physical unit, whose magnitude sity for 
could be determined by deductions from physical analogy 
alone. From the first he had clearly distinguished chemical temSng* 
equivalent and atomic weight, and his energies had been ever atomic 
directed to finding some valid means of discovering their ratio. 

Dalton, Thomson, and the whole school of English chemists, 
while they too regarded the atom as a real physical entity, 
seemed unable to grasp what a determination of its magnitude 
must necessarily entail ; and in a sense their attempts at solving 
the problem were of as little avail as those of Gay Lussac, 

Gmelin, and their followers, who, boldly declaring it insoluble, 
restricted themselves to a mere statement of experimental 
fact. In part it was mere lack of interest in physical problems, 
in part sheer lack of scientific perspicacity, which prevented 
the great bulk of Berzelius’ contemporaries from grasping thd 
latter’s co-ordination of physical laws with Dalton’s atoms. 

To an unprejudiced mind the evidence Berzelius offered for 
his new atomic values was overwhelming, yet when half the 
century was gone his very conception of atoms was almost 
forgotten. 

In the year 1819 Dulong and Petit published in the The law 
Annales de Chimie et de Physiqtie an account of their investiga- 
tion into the specific heats of various solid elements. The values 
obtained discovered a remarkable fact — they were inversely 



proportional to the atomic weights of the respective elements^ 
or to submiiltiples of these weights. One had only to 
assume that some of the accepted atomic values were incorrect^ 
as indeed was only too likely, considering the arbitrary character 
of the reasoning on which they were based, and here was 
revealed a great natural law — the atoms of all solid elements 
have the same capacity for heat. Dulong and Petit pointed to 
the following values among others as illustrating their law : — 



Specific Beat 

Atomic weight 

Atomic heat 

Bismuth ^ 

0*0288 

0 = 1 
13*30 

H = i 
106*4 

0-3830 

Lead 

0*0293 

i 2‘95 

103*60 

0-3794 

Gold 

0*0298 

12*43 

99’44 

0-3704 

Silver 

0*0557 

67s 

54-00 

0 - 37 S 9 

Iron 

0*1100 

3‘392 

27-136 

0-3731 

Sulphur 

o*i88o 

2*011 

16-083 

0-3780 

I 


The constancy of the atomic heat was certainly only approxi- 
mate, but the many sources of error to which determinations 
both of specific heat and atomic weight were liable rendered 
this not surprising. Dulong and Petit saw in the discovery 
a powerful auxiliary to the means of arriving at correct 
atomic weights: that multiple or submultiple of the experi- 
mental value or equivalent was to be accepted which, multi- 
plied by the specific heat, gave a product 0*37 approximately. 

Dulong and Petit received due honour on all sides as the 
discoverers of a very interesting and recondite physical truth ; 
but the immediate practical results of this, as they affected the 
atomic theory, were small. Chemists were in no hurry to 
change many of their cherished atomic values to reconcile 
them with a principle of merely theoretic significance. This 
was markedly the attitude of Berzelius, as indeed one would 
expect. Berzelius’' system of atomic weights had been drawn 
up after a most patient and open-minded examination of the 
facts ; it was backed by the great law of volumes ; and although 
he well enough understood that increasing knowledge might 



demand considerable modifications^ he also knew that increasing 
knowledge might prove Dulong and Petit’s law to be not quite 
so general as its authors imagined. He would await further 
evidence. But before long a new body of facts accumulated, 
not more germane to the issue he had at heart than those just 
quoted, but of a character he was more ready to accept, and 
whose value none could so well appreciate. It was Mitscherlich’s 
discovery of isomorphism which led to the new atomic weight 
table of 1826, a discovery which Berzelius regarded as the 
most valuable contribution to the science of chemistry since 
Dalton’s discovery in 1803. 

Though the phenomena of crystallization from solution 
must have been familiar to the observant from the very earliest 
times, it was long before any co-ordination was attempted 
between the form of a crystal and its composition. Even 
Boyle did not feel himself in a position to maintain that 
specific form was an inalienable characteristic of any par- 
ticular salt; but with the beginning of a new century came 
more enlightened views, and conceptions of the crystalline 
form of a mass depending on that of its smallest particles bring 
us out of the atmosphere of vague wonder or mere specula- 
tion. We find the cube accepted as the ultimate form of the 
salt unit, the rhombic prism as that of the vitriols, while in 
1707 Stahl base§ his differentiation of soda from potash on the 
different form of their respective compounds. And so with 
the lapse of the eighteenth century there came belief in a 
relation between crystalline form and chemical composition, 
a belief that change in the one was dependent on change in 
the other. Processes of analysis were undergoing rapid im* 
provement; mineralogy had become a science, and with it 
crystallography. On the one hand hundreds of minerals were 
passing through the skilled hands of Berzelius, Klaproth, and 
Vauquelin, while on the other crystallographers were proving 
that, whatever might be the crystalline character of any par- 
ticular substance, the latter might be reduced by cleavage 
to one fundamental form ; and, again, that the angles of all 
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crystals were constants independent of the nature and number 
of secondary faces. 

Haiiy’s In the year i8oi, the Abb^ Haiiy produced a system of 
classification for minerals based first on their crystalline 

minerals, character, and secondly on their chemical composition 3 and 
his guiding principle was this, that every difference in the 
fundamental form of a crystal implied difference in its chemical 
composition. The immediate results of this classification were 
good. Minerals hitherto regarded as different he discovered 
to be identical, while at the same time he was led to differ- 
entiate between others confused by his predecessors and con- 
temporaries. His deductions were often subsequently confirmed 
by analysis. But there was rapidly increasing a body of 
evidence which cohid not be readily reconciled with any such 
scheme as that of Hatty’s. It was found that alums existed 
containing varying quantities of iron and yet retaining the 
customary octahedral form ; that ammonia or soda might take 
the place of potash in these same salts without any corre- 
sponding crystallographic change ; that minerals of the form 
of calcite existed containing many other bases besides lime ; 
that carbonate of lime did indeed occur in two quite distinct 
crystalline forms ; and that, finally, one might take mixed solu- 
tions of zinc sulphate and iron or copper sulphates and obtain 
from them crystals containing both salts, though ordinarily these 
occurred crystallized after quite different systems. Haiiy would 
not deny his principle ; substances crystallizing in the regular 
system, the alums, for example, might perhaps have different 
compositions ; those calcite crystals which were found to con- 
tain carbonate of iron retained their customary form because 
;<;he impurity was present, mechanically contained by the 
smallest particles of the mother crystal; and as to this mineral 
occurring crystallized after two essentially different systems, 
he was convinced that arragonite contained strontia ; a crystal 
of copper sulphate crystallized out from a solution containing 
zinc sulphate in a form not its own because of the power of 
zinc sulphate to induce its own crystalline form in other salts. 
This assumption of predominant crystallizing power was widely 
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accepted, but otherwise Haiiy found few adherents. The 
transparency of crystals was incompatible with mechanically 
contained particles; arragonite was found free from strontia. 
It was rather believed that the preservation of the gravimetric 
relation between base and acid was the ruling condition of 
identical form with varying composition, and that, as in the 
cases of barium, strontium, and lead sulphates, a common 
constituent might account for much. 

It will be observed that the very difficult question of co- 
ordinating physical form with chemical composition had 
hitherto been attacked solely from the crystallographic side ; 
yet it was a chemist who first grasped the truth and unified the 
whole mass of conflicting evidence by one all-embracing 
generalization. Eilhard Mitscherlich, in i8i8, betook himself 
to Berlin, and there set to work on the salts of phosphoric and 
arsenic acids, that he might experimentally verify Berzelius’ 
dictum as to the singular oxygen ratio between base and acid 
in these salts. Mitscherlich was only four and twenty years of 
age, and was quite ignorant of established opinion concerning 
crystallization; but he had made the acquaintance of the 
young mineralogist, Gustav Rose, from whose pen comes the 
following : Mitscherlich told me of his work on the salts of 
phosphoric and arsenic acids, and how surprised he was to 
observe that the salts of both acids, so far as he could judge, 
had often the s^me form ; and this though, according to his 
analysis, there was not the slightest trace of the one acid in the 
salts of the other. He asked me to measure the crystals. 
Even though Mitscherlich had not as yet busied himself with 
crystallography, he saw that this crystallization of differently^ 
composed bodies in the same form, if it could be established, 
would prove a fact of the highest importance; he was con- 
sequently impelled to busy himself more nearly with crystal- 
lography.” Here we have the beginnings of an investigation 
that has become historic. An example^ will serve to bring us 
nearer Mitscherlich at his task ; it is the question of identity of 
the crystalline forms of the acid arsenates and phosphates of 
1 Afin. CMm* Phys.^ 19 (1821), p. 350. 
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potassium. First we find analyses to establish the equality 
of the ratios between the oxygen of base^ water, and acid in 
either case : — 

loo parts of arsenate contain — 

63*87 parts of arsenic acid, 

26*16 parts of potash, 

9*97 parts of water, 

the quantities of oxygen in the potash, water, and acid bearing 
the ratio i : 2*02 : 4*94. 

100 parts of phosphate contain — 

52*26 parts of phosphoric acid, 

*34*56 parts of potash, 

13*18 parts of water, 

the quantities of oxygen in the potash, water, and acid bearing 
the ratio 1:2*11:5*11. And now comes the determination 
of the crystalline form and estimation of angles between 
different faces — 



86^24' 
/ : f = 122° 16' 
/:/' =135° 12' 

: /" = 90° 


— with other measurements, all of which are found identical in 
the two cases. 

Berzelius happened to visit Berlin in the summer of 1819, 
'land, being made acquainted with the results of Mitscherlich’s 
work, speedily made himself known to the promising youth. 
Hence it came that the autumn of the same year found Mit- 
scherlich working in Berzelius^ laboratory at Stockholm, and in 
December the first of his epoch-making papers was submitted to 
the Berlin Academy. As he had dealt with the acid phosphates 
and arsenates of potash, so he deals with those of ammonia, 
and finds identity of crystalline form here also, identity too 
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with the crystalline form of the potash salts. He feels there is 
some guiding principle underlying this phenomenon, and seeks 
for another pair of acids which may help him to some gener- 
alization, but in vain. So he investigates the influence of 
analogous bases on the crystalline form of salts containing the 
same acid. The salts of barium, strontium, and lead have the 
same form, so have the sulphuric acid salts of various groups 
of metallic oxides, always provided the oxygen contents of 
base, acid, and water of crystallization preserve the same ratio 
in each group. The catbonic acid salts of chalk, zinc oxide, “ 
and the lower oxide of iron all occur as rhombohedra. Here 
was light! Conceptions of predominant crystallizing power 
might be relegated to the limbo of extinct .philosophies ; crys- 
tals of copper and zinc sulphate separate from a mixed solution 
in the same form, because both retain equal amounts of water 
of crystallization ; and the same holds good for the whole class 
of alums, be they potash or ammonium salts. In fact, identity 
of crystalline character follows from similarity of composition. 

Here is Mitscherlich’s proposition : ‘‘ If two different substances 
, combine with equal volumes of a third, the compounds so 
obtained on combining with another in all cases produce bodies 
of a similar structure ; and when this third substance is the same, 
the bodies assume crystalline forms, whose identity as regards 
values of angles and numbers of sides is so complete that no 
difference can be detected even in these apparently so chance 
proportions.” Those elements which conform to these con- 
ditions and produce salts, with the same acid or base, of similar 
crystalline form, he now includes in distinct classes, and for 
“ convenience ” sake adopts the term ‘isomorphism” suggested 
by Berzelius for the phenomena on which this classificatira 
depends. 

Inductively Mitscherlich had arrived at his generalization; Mitscher- 
deductively he now proceeds to suggest crystalline forms for 
bodies whose practical investigation had not hitherto proved from Ms” 
feasible. The sulphates of iron and zinc are obtainable in the 
same ciystalline form, therefore their bases, the oxides of iron 
and zinc, must also be isomorphous. The minerals magnetite 
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potassium. First we find analyses to establish the equality 
of the ratios between the oxygen of base^ water, and acid in 
either case : — 
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and arsenates of potash, so he deals with those of ammonia, 
and finds identity of crystalline form here also, identity too 
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and gahnite, compounds of the higher and lower oxides of iron, 
and of the oxides of aluminium and zinc respectively, are 
isomorphous ; the lower oxides of iron being isomorphous with 
that of zinc, the higher must be isomorphous with that of 
aluminium. 

On further investigation, however, Mitscherlich found that 
his dictum required modification. An examination of the 
crystals from solutions of the acid-soda salts of arsenic and 
phosphoric acids disclosed that these occurred in two forms, 
based on the rectangular octahedron and the right prism with 
rhombic base respectively. He had learnt meanwhile the facts 
relative to the crystalline forms of calcite and arragonite, and, 
regarding the oxid^ of calcium as composed of one atom of 
metal with two of oxygen, conceived that the different situa- 
tions of these two atoms would account for the phenomena 
observed. In its amended form his doctrine was expressed 
as follows : “ Equal numbers of atoms, when they are com- 
bined in the same manner, produce substances of identical 
crystalline form, which form depends, not on the nature of the 
atoms, but only on their number and mode of combination.'' 
And Mitscherlich's conception of dimorphism was ratified for' 
elements also by his discovery of the two varieties of sulphur 
in 1823. The law of isomorphism quoted above reveals two 
facts, the first that Mitscherlich was an upholder of Berzelius' 
volume theory, the second that identity of orystalline form 
depends solely on the number of atomic volumes present 
in the compounds considered. From the year 1821 onwards 
he substituted the term atom for volume, while he soon con- 
vmced himself that the nature as well as number of com- 
bined atoms must be considered. Mitscherlich had adopted 
Berzelius' system of atomic weights, and had found in them 
an admirable explanation of his law ; while, on the other hand, 
Berzelius gladly welcomed the law of isomorphism as vindicating 
the correctness of these weights, based somewhat insecurely, as 
they were, on so extended a view of the law of volumes and 
observance of mere chemical analogies. Neither felt any 
immediate call for change. 
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But the demand for a new edition of his text-book caused Berzelius 
Berzelius, in 1826, to reconsider his whole position. In re- 
viewing his data he still maintained that his problem was weights.- 
definitely soluble in the case of those elements which are 
amenable to the law of volumes, hydrogen, oxygen, chlorine, 
and nitrogen, the last two of which he had now been brought 
to regard as elementary. For the rest one must rely principally 
on deductions from the progression in the oxygen contents of 
various series of oxides, on the relations between the oxygen 
contents of acid and base in salts, on the law of isomorphism as 
a means of generalizing from these facts, and finally, on the law 
of Dulong and Petit, Berzelius had discovered that in the 
neutral chromates there was three times as much oxygen in the 
acid as in the base, and this had suggested analogy with the 
neutral sulphates. If one writes SO^ as the formula of sulphuric 
acid, one should obviously write CrO^ as the formula of chromic 
acid. But since chromic ^ oxide contains only half as much 
oxygen as the acid, its formula pust be written Cr^O^, which 
implies the halving of the accepted atomic weight of the metal. 

(One must bear in mind that the isomorphism of the chromates 
and sulphates, and so the logical necessity for the change, 
was not observed till ten years later.) Now, chromic oxide is 
isomorphous with the oxides of aluminium and iron ; therefore 
these too must have their formula changed to and 

Fe^O^ ,• and if we write Fe^O^ for the higher oxide of iron, we 
must write FeO iTor the lower. Again, the lower oxide of iron 
is isomorphous with the oxides of zinc, magnesium, and 
calcium, whose formulae must therefore also be simplified to 
ZnO, MgO, and CaO. So in general we must no longer regard 
active basic properties as indicating the presence of two oxygeia^ 
atoms in the molecule, but rather as a sign of a constitution 
analogous to that of lime, whose formula is CaO. And under 
the influence of this train of thought Berzelius revised his 
atomic weights. A portion of his new table is reproduced 
here — 

^ Jahreshericht^ 7, p. 70. 
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Hydrogen .. 

, . 6*24 

(0-499)' 


Carbon 

76-44 

{6-II) 


Sulphur 

201-2 

(16*10) 

: On the evidence of the 
/ law of volumes 

Nitrogen 

88-52 

. (7-08) 

Chlorine 

... 221-3 

(17-70) 

Phosphorus . 

• ■ 196-155 

(157) 


Arsenic 

470*042 

(37-66) J 


Tin ... 

735*294 (117*839) (SnO and SnO^) 

Chromium ... 

• • 351-8 

(28-1) 

(Cr^O® and CrO®) 

Gold 

... 1243-0 

(99-4) 

(AuO) 

Silver 

• 1351-6 

(loS-i) 

(AgO) 

Mercury 

. . 1265*8 

(ioi- 3 i 

(HgO and Hg^O) 

Iron 

- 339*2 

(27-1) 

(Fe^O® and FeO) 

Calcium 

256*0 

(20-5) 

(CaO) 

Sodium 

290*9 

(23-3) 

(NaO) 

Silicon 

r ... 277*468 

(44*469) (SiO* from its analogy 
with SO® 

With the exceptions of silver and the alkali metals, the soli 


elements here conform to the law of Dulong and Petit, 
additional evidence which Berzelius laid stress upon for his 
justification. As to the exceptions, it was more probable that 
silver, sodium, and potassium should not be included in the 
generalization of Dulong and Petit than that the analogy 
between the oxides of these metals and other strong bases was 
purely superficial. Again, one observes that, with few ex- 
ceptions, the atomic weights of Berzelius have assumed the 
general character of those favoured by the English and French 
schools of chemistry ; but the reader must no^t forget that the 
tables of Thomson and Prout were merely the expression of 
an entirely unproven hypothesis, those of Gmelin and Gay 
Lussac the result of acknowledged empiricism, while eighty 
clears of research have only served to strengthen the founda- 
tions of Berzelius’ tiuly philosophic system. 

First thoughts would suggest that nothing but good could 
flow from this identification of results ; from henceforth there 
would be common theoretical ground for every school. It is 
very probable, however, that the younger generation, looking 
at results alone, and finding the great leaders of their science 
at one, confused identity of result with identity of theory, and 

no 



felt their prima facie impressions established without further 
investigation- Moreover, as if to accelerate the coming con- 
fusion, Berzelius, in an evil hour, consented to a compromise, 
suggested doubtless by a desire for the unification of European 
chemistry, to which his new table so much contributed. The 
immediate occasion was this — the formulse given by Berzelius 
to different substances were of the type PbO, FeO, ZnO, 
PbCP, ZnCP, H^O, the corresponding formulae of Gmelin 
and his school, PbO, FeO, ZnO, PbCl, FeCl, ZnCl, HO ; and 
Berzelius' unfortunate compromise was conveyed in his ndV 
formulae Pb€f, Zn0, Fe€f, HO. This change he defended on 
the ground primarily that, having a standard of value in oxygen, 
the centre roimd which all chemistry revolves/' it seemed 
desirable to have means of simply expressi’ag the combining 
unit of each element in terms of that standard ; and, secondarily, 
that no one could say with certainty that nitrogen,^ hydrogen, 
and oxygen ever did occur in combination otherwise than as 
double atoms. To this fact he gave expression in writing the 
formulae for lead chloride and water Pb61 and HO, while at 
the same time he indicated by the symbols and H those 
weights of chlorine and hydrogen which have the same com- 
bining value as the atom of oxygen. 

Let us consider a moment longer the bearings ^ of this 
apparently trifling change on the subsequent history of our 
science. Here side by side are formulae employed by those 
working in the spirit of Berzelius and others suggested by the 
conception of equivalents — 


After Berzelius 

HO 

XXjC!1 

Titji 

PO' 

AneP 


After Gmelin 

HO 

HCl 

NH3 

AuCL 


For those ignorant or careless of the bar it was but a short 
step to the use of either system indifferently, and from this 

^ Cf. Blomstrand, Chemk der Jetzizeit^ p, \z, 
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point one still shorter to the leaving out the bar altogether ; 
and with the bar were likely to disappear the last traces of that 
philosophy which Berzelius had laboured so hard and success- 
fully to establish. And in yet another direction ^ was progress 
impeded by this innovation; with the establishment of com- 
bination by equivalents all those investigations^ which must 
necessarily have been suggested by Berzelius’ old formulae, as 
to the reason why hydrogen atoms combine in different numbers 
with other single atoms, were quashed. The nature of com- 
bination was no longer referred to atoms at all, but to units 
which might consist indifferently of one atom or two atoms or 
a certain number of parts by weight, and which were equiva- 
lent in the sense that a base and acid were equivalent, and 
hence could comfoine. No embryonic sense of a saturation 
capacity could survive this, and for many years yet chemistry 
was denied its most sensitive instrument. 

Dumas dis- the Anmles de Chimie et de Physique'^ for 1826, a young 

crimm^es French chemist, Jean Baptiste Dumas, published an account 
afomrSid apparatus he had invented for determining specific 

molecules, gravities, and of results he had obtained by its use. His 
vapour thoughts had been led in the indicated direction by the general 

density want of conviction as to the true relative weights of different 

appa-ratus. Attributing this want to the various and often un- 

satisfactory methods by which the problem had been attacked, 
he decided that the only sure solution could come from a 
direct estimation of the weights desired, an estimation only 
possible after determining the specific gravities of the different 
elements and their compounds. Granted the truth of one 
^postulate — that equal volumes of all fluids contain the same 
number of molecules — on which all men of science were agreed, 
his results were certain. One reservation, and that an important 
one, he made, however. The thought which had inspired 
Amphre’s letter some twelve years before, and had been almost 
entirely unfruitful in the meanwhile, the thought that in speaking 

^ Cf. Blomstrand, Chetnie der Jetzizeiti p, 24, 

® Ann. Chim. Phys.^ 33, p. 337. 
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of molecules we are speaking of physical, not necessarily 
chemical units, struck Dumas as essentially tiue, and as alone 
serving to explain the production of two volumes of steam 
from one volume of oxygen, and of two volumes of hydro- 
chloric acid from one volume of chlorine or hydrogen. Since 
what holds good for oxygen, chlorine, and hydrogen might 
hold equally for all other elementary substances, the relative 
specific gravities of their vapours could suggest merely the 
relative weights of their molecules. How many atoms — 
elementary molecules he called them — these might individually 
contain he must remain ignorant. The specific gravities of 
readily volatile substances he measured by the method of Gay 
Lussac, and that he might extend his research to elements and 
compounds with high boiling-points he invenfed the apparatus 
which in its original form is still employed in our laboratories. 

And using this apparatus he discovered the specific gravity of 
iodine vapour to be 1*2 5*5 (H = i), a number which, allowing 
for the greater possibility of minute accuracy in chemical 
analysis, was reconcilable with Berzelius’ atomic value, 123*2. 

This was not at all the case, however, with the value 99*45 
obtained for the specific gravity of mercury vapour, and con- 
sistency demanded that Berzelius’ number 202*86, established 
though it was by all chemical analogy and the law of Dulong 
and Petit, should be halved, and the oxides of mercury 
formulated aHg -f O and Hg -f- O respectively. 

Dumas now attempted to get at the relative weights of the The 
phosphorus and arsenic atoms through a knowledge of the 
specific gravities of their hydrides and chlorides. To take an ^ 

example: — the specific gravity of phosphorus chloride is 4*875 pfiorusand 
(air = i) ; three volumes of chlorine condense to two volumes Micon^nd 
of this chloride, the volume of phosphorus vapour disappearing tin. 
altogether. The analogy between the hydrides of nitrogen 
and phosphorus is strong, and it is likely, therefore, that, the 
former being composed of one volume of nitrogen and three 
volumes of hydrogen condensed to two volumes, the latter is 
composed of one volume of phosphorus vapour and three 
volumes of hydrogen, also condensed to two volumes, and 

113 



Berzelius 
refuses to 
alter his 
numbers. 


therefore that phosphorus chloride is composed of one volume 
of phosphorus and three volumes of chlorine condensed to two 
volumes. The weight of one volume of the chloride is 4*^75, 
of two volumes 9*75. Let us subtract the weight of three 
volumes of chlorine, or 3 X 2*45, and we obtain 2*3 as the 
weight of one volume of phosphorus, or 31*68 in terms of the 
hydrogen unit, a number agreeing well with the 31*34 of 
Berzelius. Similar reasoning brought him to regard 75*2 as 
the atomic weight of arsenic. The halogen compounds of 
silicon and tin he regarded as produced by the condensation 
of one volume of the radical and two volumes of the halogen 
to one volume, and, calculating the atomic weights of the 
elements on this assumption, he obtained the values 14*9 and 
61 *9 respectively! 

Berzelius admitted this work to be of very great importance, 
though he considered the balance of evidence to be against 
altering his own atomic values to meet the views of the young 
French chemist. A case^in point was that of mercury^; 
undoubtedly the specific gravity of its vapour seemed to 
demand a halving of its atomic weight, but such a change as 
this would render necessary similar reductions in the atomic 
weights of many other elements, reductions which would be 
subversive of all the evidence available. And was it not odd 
that, while the specific gravity of liquid mercury was so much 
greater than that of solid iodine, in the state of gas this relation 
should be just the reverse? Then, again; in deducing the 
atomic weight of an element — say boron — from the specific 
gravity of its chloride, what right had Dumas to assume an 
analogy between its volumetric composition and that of 
ammonia, and, even if he had a right, was one to accept 
analogy for proof? Again, it was pure hypothesis to assume 
that one volume of silicon combined with two volumes of 
chlorine to form one volume of the chloride ; all one knew 
was that two volumes of chlorine condensed to one volume of 
the chloride, and there was no greater certainty of the silicon 
vapour occupying one third of the volume of mixed gases than 
^ Jahnshericht^ 1828, p. 67. 
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of its occupying one-fifth or one-seventh, in which case its 
atomic weight would appear very different from that suggested. 

And so Berzelius refused^ and rightly, to submit to the 
dictation of Dumas’ reasoning, and took up a tentative position, 
waiting for those more decisive experiments on the specific 
gravities of sulphur, arsenic, and phosphorus vapours which 
Dumas had promised. 

Five years elapsed before an account of the new experi- Batei re- 
ments^ appeared. Meanwhile Dumas, though in this he stood 
alone, held to his opinion that 99*45 was the correct atomic 
weight of mercury, the arguments against this being based on 
an invalid analogy. His new experiments, however, showed 
that phosphorus, too, possesses an anomalous specific gravity, 

4*32, correspondinf to an atomic weight 62*2. Consistently 
with principle he now therefore wrote PCle, PO5, PHc, as the 
formulae for the quantities of the corresponding compounds 
present in one volume. So Berzelius was right in his strictures 
on the previous work, for here we^have actually one volume of 
phosphorus vapour and six volumes of chlorine condensing 
to one volume. Dumas did not hesitate to cast aside the idea 
that ammonia and phosphoretted hydrogen were analogously 
constituted in view of the want of isomorphism between the 
phosphates and nitrates. The specific gravity of sulphur 
vapour was 6*51, and Dumas here found himself in a quandary. 

Already, in 1826, he had obtained this value, but since it did 
not coincide with that calculated from the specific gravity of 
sulphuretted hydrogen, he had refused to publish it. Was he 
to accept this value — 9374, in terms of hydrogen— as the atomic 
weight, neglecting the strongest evidence from chemical 
analogy, the law of isomorphism and the law of Dulong and* 

Petit, or must he assume that at some temperature between the 
melting and boiling point of this element aggregation of the 
smallest particles had occurred, and that therefore the vapour 
consisted of molecules, themselves composed of three smaller 
molecules or atoms ? He preferred the latter alternative, and 
suggested that this aggregation of particles might give an 
T Am. Chim, et Phys., 1832, p. 170. 
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explanation of the anomalous behaviour of liquid sulphur at 
230° C. 

Employing a modification of Dumas’ apparatus, Mitscher- 
lich,» in the year following (1833), succeeded in determining 
directly the specific gravity of arsenic vapour. The value 
referred to air was io-6, which, assuming the vaporized mole- 
cules to consist of single atoms, would imply an atomic weight 
152-64. But Mitscherlich was too clear-sighted to make this 
assumption. The molecule of sulphur, if we are to reconcile 
the evidence of its specific gravity with that drawn from its 
c h emi^>»i and physical behaviour, must contain, as Dumas 
had suggested, three times as many atoms as the molecule of 
oxygen or other permanent gas j and on similar grounds the 
molecules of phosphorus and arsenic must contain twice as 
many. On the other hand, the number of atoms in the oxygen 
and mercury molecules must be in the ratio of 2 : i. 

With this accumulation of fact, Berzelius’ ® attitude towards 
the question of the relationship between atomic weight and 
specific gravity was confirmed. There could be no question 
that the number of atoms present in equal volumes of the less 
volatile elements were not the same, and so determinations of 
their specific gravity could be of no assistance in fixing their 
atomic weights. Still, the relative weights of their vaporized 
molecules were of interest in that, as interpreted by his atomic 
weight table, they gave one a clue to the number of atoms 
present in each ; they showed one, for instance, that the numbers 
of atoms present in the molecules of mercury, oxygen, phos- 
phorus, and sulphur were in the ratio of r : 2 ; 4 • A-S he 
had stated before, there was no absolute method for the deter- 
*rnination of atomic ratios; each accepted value must entail 
co-ordination of all the evidence known concerning the chemical 
and physical properties of the particular element considered. 

Such of the E nglish chemists as concerned themselves with 
the theory of atoms had not hitherto been very fortunate either 

1 Pogg* Ann,, 29, p. 193. 

® Jahnslpricht, i6, 31. 
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in understanding the problem set to them, or in submitting the 
conceptions they had to the test of laboratory experience. 
Thomson's great work^ An Attemp to Establish the First 
Principles of Chemistry by Experiment^ published in 1825, was 
of a character to draw from Berzelius the somewhat forcible 
remark ^ the greatest politeness that can be shown the author 
is to regard the book as unpublished.” The object of the book 
was to show that Prouf s hypothesis as to the genesis of atoms 
was universally true; for Thomson had discovered that the 
atomic weights were all whole multiples of the weight of 
hydrogen, notwithstanding that Berzelius' indefatigable labours 
had shown just the contrary. 

In the fifth edition of Dr. Turner's Chemistry^ a standard 
text-book, of the time (1833), the atomic ^ theory is very sum- 
marily dealt with : “ In consequence of the satisfactory explana- 
tion which the laws of chemical union receive by means of the 
atomic theoiy, it has become customary to employ the term 
ato?n in the same sense as combinhig proportion or equivalent.” 
The term atom has an historic interest for him as serving to 
keep green the memory of Dalton's ingenious speculation, but, 
with Davy and Wollaston, he would warn the reader against a 
possible confusion of the atoms of theory and the atomic or 
combining weights of practice, the foundations of the great 
chemical laws. Yet he knew the work of Berzelius and re- 
spected it, thougjj he was a little annoyed by the latter's super- 
fluous decimals, and he spoke of the inaccuracy of Thomson's 
views as judged by the most accurate analyses. It is pleasing 
to find that in compiling his volume Turner slowly convinced 
himself of the suitability of formulae as a means to the exact 
conveyance of thought ; though true, it was almost twenty yea.fs 
since the proposal for their employment had been made and 
acted on by Berzelius, 

But a discovery of very real importance was Faraday's law 
of electrochemical action.® Faraday had set himself to dis- 
cover the necessary conditions of decomposition under the 

1 Jahresherkht^ 1827, p. 78. ® Turners Chemistry^ pp. 195-199* 

® Phil, Tfans,y 1834, p. 77. 
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influence of the electric current; he had found the need for 
some reliable standard by which to measure current electricity^ 
and after demonstrating that the amount of hydrogen and 
oxygen evolved from water was unaffected by the size of the 
electrodes, the height of potential, the amount or character of 
the salts dissolved, or other variable characteristic, he initiated 
the use of what is now known so well as the water electrometer. 
In discussing his experiments he made use of a number of new 
terms, whose exact meaning he was at pains to define ; such 
were electrode” (from ^XcKrpov and o8os), electrolyte,” 
‘‘anode,” “kathode,” and “ion.” The decomposition which 
ensues on the passage of the current through suitable media 
may be of two kinds, primary and secondary, which must be 
carefully differentiated. The primary or electrolytic is the 
immediate result of the transference of electricity from one 
electrode to the other ; the secondary or electrochemical is con- 
sequent on an ordinary chemical action between the products 
of the primary decomposition and the water or other media in 
the vicinity of the electrodes. The decomposition of water is 
of the first type ; that of sodium chloride, where the sodium, the 
kathion, reacts with the water at the kathode, is of the second. 
Now Faraday’s discovery was this : if the same current is passed 
successively through a number of different electrolytes, whose 
decomposition is electrolytic, the weight of kathion or anion 
liberated in each cell is proportional to its equivalent. This 
law Faraday regarded as a final demonstration of the identity of 
chemical affinity and electiic attraction, and the facts of which 
it is the generalization he considered most important in deciding 
what values are to be taken as the chemical equivalents, pro- 
portional numbers, or atomic weights — terms to him synonymous. 
As a matter of fact, its bearing on the question of the relative 
weights of the atoms was slight, though the values which Fara- 
day eventually accepted had one great merit ; they were the 
first which had been uniformly chosen in accordance with one 
fixed principle ; they were really equivalent, though not atomic, 
weights. Among others he suggested the following numbers, 
potassium 39*2, sodium 23*3, and silver 108. 
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During the sway of phlogiston the word was in all men’s Conclu- 
mouths, its meaning in no man’s mind. Stahl himself was 
very reserved in giving it definition. Yet chemical science 
progressed during the phlogistic period, and because of phlo- 
giston. So too it was with Dalton’s atomic theory. This 
theory has been the soul of nineteenth-century chemistry, yet 
during the first fifty years of that century curiously few seemed 
to understand what the word they all continually employed 
must imply. Most were content with a compromise. The 
real atom of recognized physical proportions they would reserve 
for their philosophical musingsj in their practical researches 
they would employ the equivalent weight, calling it, however, 
an atomic weight, or a something which might be construed as 
a minimum quantity. It is indeed Dalton 1:he physicist alone 
we have to thank for the atomic theory, for Dalton the chemist 
was little more enlightened than his predecessors Wenzel and 
Richter. It was the physicist who performed the unique 
service of showing how his hypothesis explained the laws of 
chemical and multiple proportions, striving to direct men’s 
minds to the practical issue of what had hitherto been regarded 
as a mere metaphysical speculation ; it was the chemist who, 
ably seconded by Thomson, entirely concerned himself with 
determining weights which were obviously merely equivalent, 
though he called them atomic ; it was the chemist who set the 
lead to the French school and to the Germans, who, after a 
period of scientific apathy, rapidly assimilated and profited by 
the now stereotyped scheme of equivalent weights. ' True, these 
so-called atomic weights, equivalents, proportional numbers, 
mixing weights, did do service in that they helped to stamp 
chemistry with the impress of an exact science, but they had 
little bearing on a real theory of atomic constitution. 

There was but one man, Berzelius, who by his work and 
writings showed that he had thoroughly grasped the problem 
set the world by Dalton. From the moment he settled himself 
to the task he understood precisely what was wanted, saw he 
must have physical data to accomplish the measurement of a 
physical unit, and grasped the full meaning of these data when 
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they were offered him. There is little to say in favour of the 
weights accepted to-day that Berzelius could not have -said 
seventy years ago. How unsympathetic was the ear to which 
he preached one may gather from Dumas^^ lectures on 
chemical philosophy, published in 1837, The author regards 
the conception of atomic weights as lacking definition; 
equivalents he could understand and determine ; but atoms — 
he would banish the word from the nomenclature. And in 
1844 comes an echo from Germany — Liebig^ is speaking: — 
The sole aim of a chemical notation is to express clearly 
and succinctly the composition of chemical compounds; it 
will be best to clear it of all hypothesis therefore, so as not 
to have a system amenable to every new proposition. The 
number of equivalents of all the component parts of a com- 
pound is unchangeable and determinable ; the exact number 
of atoms which combine to form one such equivalent will 
never be known.” 

* Cf, Kopp, Mntwid^elung dey Chemie^ p, 438. 

' Liebig, Chem, Brief e, p. 68. 



CHAPTER VII 

DEVELOPMENT OF ORGANIC CHEMISTRY 

Writing in i8io, Gay Lussac and Thenard^ gave, as a reason Dalton’s 
for the slow progress of animal and vegetable chemistry, the 
inadequacy of the methods of organic analysis. This was pHed^S^ 
immediately true, and so valid as a piece 6f special pleading rationale 
for the impoitance of the analyses they had to contribute ; but chenuSy. 
as an ultimate cause it would have been truer philosophy to 
urge the absence of any cogent reason for such analysis. This 
only came with the diffusion of JProust’s doctrine of constant 
proportions, with all its suggestiveness when interpreted in 
the sense of Dalton. The extraordinary development of 
organic chemistiy during the nineteenth century is a wonder^ 
fully complete vindication of the predominant position which 
the deductive method must hold in the laboratory. For 
generations previous to Dalton chemists, as industrious and as 
subtly-minded as^have ever been, had endeavoured in vain to 
conceive the problem of organic chemistry, and so a mode of 
attack. For the subject-matter of their research was very 
different from mineral substance, so simply compounded, so 
stable, and often of such a beautiful crystalline character as to 
convey at once the sense of inherent purity and unity. Organic 
matter, though it was composed of comparatively few elements, 
and separable into units of quite few and limited classes, was 
so liable to immediate change, particularly in the presence of 
reagents, the instruments of diagnosis, that real knowledge of 
its units ever escaped the grasp. Moreover, a belief that the 
production of an organic body was subject to the necessary 
^ R&cherches pkysico-cJdtmqueSi ii. p. 265, 
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intervention of a so-called vital force, an a priori reason 
therefore against the possibility of its artificial synthesis, must 
have piejudiced the most patient research. But with the 
gradual permeation of Dalton’s theory that all properties of 
matter were to be read in terms of atoms, equivalents, pro- 
portion numbers, mixing weights — it matters not what they 
were called, they all conveyed the root idea — ^hesitation 
vanished. Organic bodies, slippery though they were, being 
composed of atoms united in accordance with some Imowable 
specific character, were proper subjects for attack, and for 
attack through the medium of analysis. In the light of this 
new hypothesis, the broader-minded saw that a differentiation 
of organic and inorganic bodies could have no valid foundation 
in fact long before^experiment had bludgeoned this truth into 
the many. 

Let the reader now, having conveniently rid his mind of 
all knowledge of organic chemistry in the modern sense, try 
to refurnish it with that of a well-informed and thoughtful 
student living in the last decade of the eighteenth century. 

Lemery, in 1675, classified all substances as mineral, 
animal, and vegetable, and this system is yet retained in the 
text-books, though much of its former spirit is lost. It is now 
rather with a view to aiding the memory to hold firmly the 
ever-accumulating mass of facts, than of accentuating any 
radical difference between animal and vegetable bodies, that 
they, together with the products of their metabolism, are 
treated of as belonging to different types. Indeed, Macquer 
and Bergman have arrived at a division of all substances into 
tb« organic and the mineral; Berthollet and Proust, too, 
relegate vegetable and animal substances as containing carbon, 
hydrogen, oxygen, and sometimes nitrogen, to one and the 
same class, for which innovation the discovery of benzoic acid 
in the urine of cows, and the many points of identity between 
the animal and vegetable fats, give experimental foundation. 
Organic bodies ^ are those offered us as the seat of, or products 
' Gren, Grundriss der Cherniy voL i» p. 279, 
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of, vital force ; they seldom occur except as complexes, from 
which immediate constituents can only be separated by such 
physical processes as solution, distillation, filtration, which 
incur no accompanying chemical change. Such immediate 
constituents are mucus, sugar, starch, glue, albumen, tartar; 
tartaric, oleic, benzoic, and similar acids; gum, fatty and 
ethereal oils, camphor, bitter and narcotic bodies — these 
specifically vegetable; fats, gelatine, cellulose, bone material,* 
milk sugar, formic acid, carbonate of lime, and odorous bodies 
— these specifically animal. Such in the absence of any proof 
of impurity may be taken as the units of organic chemistry. 
The question as to their ultimate composition has become 
acute since Lavoisier’s antiphlogistic doctrine has shown that 
such a conception as Macquei’s, of an organic body contain- 
ing phlogiston combined with an oil, can have no meaning. 
Though, long prior to Lavoisier, Van Helmont and Black 
pointed out that fixed air was produced on the combustion of 
an organic body, while Glauber,, Scheele, and others noticed 
the simultaneous evolution of water vapour, it is only within 
the last twenty years that one has been able therefore to 
postulate the presence of carbon and hydrogen in the substances 
burnt. Now, since substances like wood, when destructively 
distilled in a vessel closed to the air, produce carbonic acid, 
we have evidence that they must contain oxygen also. Some- 
times, as when tobacco or animal matter is distilled, there is an 
evolution of amruonia, clearly due to their containing nitrogezi. 
But it is not always necessary to resort to such heroic measures 
as destructive distillation. Gallic acid or sugar, when treated 
with nitric acid, leave crystals of oxalic acid, and oxalic acid 
contains carbon, hydrogen, and oxygen; so too must tli*e 
parent substances. After distillation of vegetable matter 
there often remains a residue, consisting partly of the alkaline 
carbonates, partly of chlorides and sulphates, or it may be 
of silica and alumina. These compounds are probably 
formed, by the union of the elements composing them, at 
the moment of disruption of the substance examined, though 
Vauquelin regards the carbonates certainly as pre-existent in 
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the plant. If alkaline earth or iron is discovered in the 
residue, it may be taken as a chance associate disconnected 
with essential composition. A general survey of the results 
of qualitative examination seems to suggest the presence of 
carbon, hydrogen, and oxygen as essential to the com- 
position of an organic compound, these occasionally in con- 
junction with nitrogen, phosphorus, and sulphur, particularly 
un the case of bodies with an animal origin. As yet there is 
very little information published on the means of arriving at 
the quantitative estimation of these„ organic elements, which 
can scarcely be wondered at, for it is but a short time since 
Lavoisief s demonstration of the conservation of matter during 
'Chemical reaction, of that principle which alone gives meaning 
to a quantitative a:nalysis. However^ Lavoisier ^ has not only 
given us the principle, but examples also of its application in 
meeting the question of composition. With the greatest care 
he has ascertained that by igniting 28 parts of carbon in oxygen 
100 parts of carbonic acid^are produced; that on burning 
hydrogen in oxygen 15 parts of the former combine with 85 
parts of the latter; and he has utilized this information in 
deducing the composition of oil, 100 parts of which burn out 
completely in 321 parts of oxygen with evolution of 140 parts 
of water and 281 parts of carbonic acid. He finds, in fact, 
that the 100 parts of oil contain 79 parts of carbon and 21 
parts of hydrogen. Lavoisier goes even further. After a 
preliminary estimation of the composition of alcohol, he turns 
his hand to sugar, with results that he expresses in the form of 
the equation — 

3 ozs. 7 gros of water -f 2 lbs, 8 ozs. sugar produce, on 
fermentation, 

I lb. 7 ozs. 5 gros 18 grains of alcohol + i lb. of carbonic 
acid. 

“ In this equation,^’ says he, “ there is only sugar whose 
constitutional parts are unknown to me. I know the com- 
position of water, of alcohol, and of carbonic acid, and nothing 
^ Hoefer, Eistom de la Chimk^ ii. p. 52^. 
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is easier than to substitute these values in the equation 
established, and then deduce the constituent parts of sugar*” 
Again, though we have no published account of the work, 
Lavoisier^ has instituted the method of burning the less 
volatile bodies with mercury oxide, manganese oxide, or 
chlorate of potash, collecting and weighing the water and 
carbonic acid formed, and calculating from these data the 
weights of carbon and hydrogen present The weight of 
oxygen in the agent of combustion being known, also that left 
after completion of the burning, he can discover the oxygen 
content of the organic body by the method of difference. 
Here are but the beginnings of an organic chemistry, and 
in the absence of any body of well-fortified numerical data it 
must be that we are almost entirely without ^cnowledge of the 
internal structure of organic compounds, for, their constituent 
elements being so often the.same, any differences between such 
compounds must in great measure depend on the quantities 
of these elements, and not on their number or nature. To 
Scheele^s great work on the organic acids we owe much more 
than appears at first sight. The many acids he prepared, all 
undoubtedly distinct, yet composed of the same elements and 
complying with the canons of purity authorized by a knowledge 
of mineral compounds, suggest the possibility of separating 
many other so-called immediate principles into members of 
other equally well-defined classes of compounds. But for this 
we must wait Meanwhile Lavoisier’s view may be taken as 
established, that just as a simple substance combining with 
oxygen produces an oxide or acid, so a radical composed of 
two or more elements may similarly combine with oxygen to 
form an organic oxide or acid. Thus sugar may be taken 
the lower oxide of such a radical, oxalic acid as the higher, 
and we have experimental evidence of this in the conversion 
of the one into the other on the addition of nitric acid. It 
will be the radicals, the organic elements, which undergo 
that quantitative change in composition associable with the 
different properties of the various acids. In view of our object 
^ Kopp, Entwkkelung der Chemkf p. 524. 
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of metaphorically getting inside the organic units, such facts 
as the invariable elimination of “fatty acid’^ — a body very 
similar to acetic acid — on distillation of fats and fatty oils, 
the combination of the latter with the alkalis and alkaline 
earths to form soaps, the generic property which the ethereal 
oils possess of distilling unchanged, are not without significance. 
And since these oils constantly retain their smell, often of a 
"very varying character, it seems we must give up our time- 
honoured notion of “aroma” being the one specific odorous 
principle of all matter. Finally, we cannot lay too much stress 
on the method of proof by synthesis ; our feeling of certainty 
as to the nature of tarter and salt of sorrel is greatly enhanced 
by finding them identical with the salts produced by adding 
potash to tartaric ^nd oxalic acids. 

When expounding his atomic doctrine to the Manchester 
Philosophic Society in 1803, John Dalton made reference to 
what he regarded as the ^ytomic weights of the two hydio- 
carbons, marsh gas and olefiant gas. An examination of his 
values made it clear that, relatively to the same weight of 
carbon, the one contained twice as much hydrogen as the other, 
a fact .which he verified experimentally the year following by 
exploding the gases with oxygen. He then proceeded to apply 
this same method to the analysis of such readily vaporizable 
substances as alcohol and ether. The atomic weights of 
compounds being, in terms of his theory^ the sum of the 
atomic weights of their constituent elements, and these being 
expressible by symbols, he was soon able to offer the following 


graphic presentments ^ of composition : 

— 

Olefiant gas 

.. •© 

Marsh gas 

.. G#0 

Alcohol 

88 

Ether 

.. •©• 

Sugar .M 

■■ 88 


^ Cf. JVm Vim of Dalton^s Atomic Theory^ pp. 45, 46. 
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.a daring specuiatioiij but one containing the germ of all iatei 
progress. 

It was not in England, however, where scientific attention Saus* 
was concentrated on the broader aspects of Dalton’s doctrine 
or on the confirmation of new elements, that the infant science let’s 
was to be nourished, nor in Germany, given up to metaphysical 
speculation decrying the laboratory, but in France, where 
scientific activity was at its zenith; in Sweden, where liveiL 
Berzelius. Working on broader lines than Dalton, de Saussure, 
in 1807, attacked the less promising organic material, heated it 
out of contact with air, weighed the carbon left behind and 
the water collected, submitted any gas evolved to eudiometric 
analysis, and from the data so attained arrived at a composition ; 
similarly, too, Berthollet in 1810. 

Dissatisfied, however, with this rather slap-dash proceeding, 

Gay Lussac and Thenard were meanwhile evolving a process 
which was to place organic chemistry on a new fooling, based 
on the only secure foundation, accurate knowledge of ultimate 
composition. 

, Joseph Louis Gay Lussac was born in 1778 at St. GayLus- 
Leonard, in the department of Haute Vienne. His father was 
a judge, and intended that the boy should practise at the bar ; 
at the age of sixteen, however, he sent him to Paris to prepare 
for the Polytechnic school. Young Gay Lussac was not long 
in showing his extraordinary parts, and six years later was 
picked out by Berthollet to assist in his researches. Berthollet 
was a kindly master, and Gay Lussac’s interests were wide. 

His analyses seldom confirmed the ^‘essai statique,’' but 
Berthollet became his friend. He investigated the physics of 
gases, he marked the relation between their volume and 
temperature, bringing to the public ear a forgotten word of 
the Citizen Charles, and was made Fourcroy’s demonstrator. 

In 1804 he made alone a balloon ascent, reached an elevation 
of 20,000 feet, observed atmospheric phenomena at high 
altitudes, collected samples of air, and on his return submitted 
these to eudiometric analysis in connection with Humboldt. 
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Hence he was brought later to his famous law of volumes- 
Gay Lussac was elected to the Academy in 1806. After soiSe 
years as professor of chemistry at the Polytechnic School he 
was elected to the chair of physics at the Sorbonne in 1808, 
and in 1832 was translated to the professorship of chemistry 
at the Jardin des Plantes- He had meanwhile entered the 
Chamber of Deputies as member for his native province, and 
in 1839 was made a peer of France. He died in 1850- ‘‘ Gay 
Lussac ^ was reticent, patient, persevering, accurate to puncti- 
liousness, perhaps a little cold and reserved, and not unaware 
of his great ability. But he was also bold and energetic, not 
only in his work, but equally so in defence and support of his 
friends. The endurance he exhibited under the laboratory 
accidents which befel him show the power of will with which 
he could face the prospect of becoming blind and useless for 
the prosecution of the science which was his very life.’^ 

Gay Lussac it was who introduced our modern methods of 
acidimetry, and estimation of silver with standard salt solution. 

When speaking of Gay Lussac another name instinctively 
springs to the lips, the name of Louis Jacques Thenard. 
Thenard was a native of Louptibre in Champagne. He was 
born in 1777. His circumstances were narrow, but his 
parents were just able to provide him means to go to Paris 
and live there with a view to studying pharmacy. The youth 
was then sixteen years old; he attended the lectures of 
Fourcroy and Vauquelin, and persuaded the latter to take him 
as laboratory boy, that he might help with experiments without 
paying the to him impossible fee of twenty francs per month. 
"Hienard improved every opportunity, found favour with 
his master, and was finally permitted to lecture in Vauquelin’s 
absence. In 1798 he obtained a post at the Polytechnic 
School, and six years later, on the resignation of Vauquelin, 
was elected to the professorship of chemistry at the College of 
France. In 1810 he succeeded Fourcroy at the Polytechnic 
School, and the same year was admitted to the Academy. 

^ Ferguson, £n<^c* Bnt,^ vol. 10, p. 124. 



Thenard was raised to the peerage in 1832, and died in 1857. 

Like Gay Ltissac, he was a member of that wonderful “ Societd 
d^ArcueiP’ which Berthollet had gathered round him. The 
Society continued from 1807-18175 and its published proceed- 
ings are a treasure-house of science. Thenard ^ was tall and 
strongly built, his hair was thick and black, his eyes bright, and. 
his manner active and prompt. He was above all things a 
teacher. His lecture experiments were few, well chosen, andT^ 
accurately performed. If any failure occurred he would 
roundly scold his assistant, often apologizing for his vehemence 
when the short fit of anger*-wfis over. His lecture room, seated 
for 1000, was almost always crowded by eager and attentive 
students and visitors."' 

# 

In the Recherches ^hysicO’Chmiques^ of Gay Lussac and JRech^y- 
Thenard, which appeared Jn 18 ii, we find an exhaustive Q^yLus- 
account of their new method of organic analysis. The organic sac and 
matter was finely powdered, also sogie fused chlorate of potash ; Thenard. 
weighed quantities of these, after being well dried in a steam- 
bath, were mixed, more of the chlorate being taken than 
sufficed to burn completely the organic body. This mixture 
was then moistened, worked to a paste, and this then squeezed 
into small pellets, a number of which, after dehydration in the 
steam-bath, were placed in a tube and then dropped one by 
one into the heated upright combustion-vessel till all the con- 
tained air had beef! driven out by the gases evolved. The 
tube containing the pellets was then weighed, the delivery 
tube from the combustion-vessel led under the collectmg-jar 
containing mercury, and the analysis begun. Pellets were 
dropped into the chamber till the collecting jar was full,-» 
and the tube containing the surplus was weighed again. This 
operation was repeated three times, the weight of the pellets 
used being in each case the same, and the contents of the 
jars identical. To the gas in one jar a known volume of 
hydrogen was added that by explosion any hydrocarbon formed 

^ Crum Brown, Rncyc, Bnt.i vol. 23, p. 252. 

® ii, p. 265. 
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might be discovered and estimated. The carbonic acid was 
then absorbed^ and the oxygen remaining, with any nitrogen, 
estimated. Any oxygen unaccounted for might be taken as 
having combined with hydrogen to form water. Here is an 
analysis of sugar which in the opinion of the authors was equal 
in accuracy to the best mineral analyses known . 


32 gnus, of sugar on calcination left 
Allowing for this correction, the sugai 

used weighed _ ••• 

The oxygen in the chlorate added weighed 
The oxygen in the carbonic acid ^ ^ 

obtained weighed ... 0*322 

And what lemamed in the collect- 
ing jar weighed f.. 0*303, 


0*045 <^f 

0*300 grm. 
0*627 gim. 

0*625 grm. 


There was, therefore, 0*1274 grm. of carbon present in the 
sugar, and since none of the oxygen of the chlorate was 
demanded for the hydrogen, it was to be assumed that the 
hydrogen and oxygen of the sugar were present in just the 
proportions to form water. Gay Lussac and Thenard found 
therefore as the composition of sugar 


Carbon = 4^*47 
Oxygen = 50*63 
Hydrogen = 6*90 

Similar analyses of gum arabic, starch, milk sugar, oak and 
beech wood revealed this astonishing facf, that however the 
composition varied, the hydrogen and oxygen were always 
present in just those proportions which on combination would 
form water. They then proceeded to establish the composi- 
'tiion of a number of acids — mucic, oxalic, tartaric, and acetic 
and, as before, considered the hydrogen and oxygen contents 
in relation to the composition of water. It was always with 
the same result; more oxygen was found than sufficed for the 
complete saturation of the hydrogen, though the excess differed 
in each case. Next, there foUowed analyses of various resins, 
wax, and oil of olives, and here it was the hydrogen which 
exceeded. The results of their work were so striking that 
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the authors felt themselves secure in making the following 
generalizations : — 

1. A vegetable substance is always acid when it contains 
more oxygen than will form water with the hydrogen. 

2. It will be always resinous^ oily, or alcoholic ivhen it con- 
tains less oxygen than suffices the hydrogen. 

3. The body will be neither acid nor resinous, but analogoug, 
to sugar or ligneous fibre, when the oxygen and hydrogen are 
present in just the proportions to form water. 

Analyses of such animal matters as fibrin, albumen, casein, 
and gelatine gave results similar in character, though here the 
question was complicated by the presence of nitrogen. This 
element was determined as gas, particular care being taken 
that no more chlorate was present in the combustible mixture 
than sufficed for the oxidation of the hydrogen and carbon. 

If, again, the hydrogen and® oxygen were calculated as water, 
the excess of hydrogen and nitrogen deviated little from the 
quantities which would combine *to form ammonia, and it 
seemed likely that a classification of animal matter analogous 
to that "which obtained for vegetable might soon be established. 

Blit Gay Lussac and Thenard did not maintain that vegetable 
substances were really composed of carbon and water as such, 
or animal bodies of these with ammonia; it was quite too 
early for this. Their mode of calculation was, however, sug- 
gestive, and quite consistent with such significant facts as the 
easy resolution of sugar into carbon and water, and the ready 
evolution of ammonia from animal substance. 

Many of the substances analyzed by Gay Lussac an<^ Chevreul’s 
Thenard might well have been accepted as single and pure; on 
the other hand, so much could hardly be said of beech wood or oiganic 
oak, wax or olive oil. So it was necessary that some guarantee substance, 
of unity of substance should be found before the engine of 
ultimate analysis could work with maximum efficiency, and it 
was ChevreuFs laborious and brilliant investigation of the fats 
which in large measure provided this, ‘‘The special philo- 
sophy of organic chemistry is almost entirely bound up in the 
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circumscription of species.” Thus wrote Chevreul^ in r824, 
thirteen years after the commencement of this memorable 
research. He had found that all organic substances fell into 
one of the following classes : — 

1. Those from which one cannot separate several kinds of 
matter without materially altering its character such he termed 
immediate principles. 

2. Bodies composed of two or more such immediate prin- 
ciples combined in a definite proportion. 

3. Bodies made up of two or, more of these principles 
combined in indefinite proportions'. 

It was only substances which belonged to the first or second 
class which could be regarded as species. 

Hitherto, prior to i8r3, fatty bodies had been subdivided ^ 
into oils, butters, greases, fats, and waxes. Urged by the idea 
that nevertheless these same butters and waxes might include 
man y substances differentiated by fusibility, odour, and colour, 
Chevreul proceeded to investigate their products of saponifica- 
tion. In the majority of cases he obtained glycerine and the 
potash salts of two acids, the latter usually distinguished by 
their melting-points. Cetine, however, gave no glycerine, but 
instead the substance ethal, while some of the waxes remained 
entirely unaffected. Was he, then, to regard the two acids with 
glycerine as immediate components of the unsaponified fat, 
and again, was he to rank this compound substance with 
species ? To answer these questions CheTOul submitted the 
unsaponified fat to immediate analysis ; he digested it with cold 
alcohol, and so obtained two new fatty substances of different 
melting-points, which yielded, on saponification, glycerine and 
'trie solid and liquid acid respectively. Other fatty bodies 
behaved similarly, though yielding the two acids in very 
different proportions. Glycerine and acid were not then the 
immediate components of fats, and fats generically were not 
species. There was so a further question: were the fatty 
bodies separated by alcohol species ? Fractional solution, a 

> V Analyst Organique, p. ri. 

* Chevreul, Recherches sur Us Corps Gras, p, 391, 
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process demanding our recognition, gave the answer; the 
fractions, successively yielded to the same quantity of alcohol, 
were identical. These new fatty bodies were then, indeed, 
species, but whether, being species, they were immediate 
principles themselves, or compounded of these, was unceitain. 
Analysis gave the following : — 



Stearin ^ 

Olein 

Glyceiine . % *• 

8-5 

9 -S 

Maigaiic acid, M.P. 55^ 

So'o 

22'o8 

Oleic acid 

16*4 

73-92 


lilight one not presume that pm stearai and pure olein 
would yield glycerine and maigaric acid alone, or glycerine and 
oleic acid, that the fats in ^question were virtually immediate 
principles ? 

Whatever conception one formed of the internal structure Explana- 
of the vegetable and nitric etheisVould cover equally that of 
the fatty saponifiable bodies, for both classes behaved quite of fats and 
analogously under the action of alkalis, or of air and heat, 
glycerine and alcohol with acids being respectively produced alkalis, 
in the one case, acids in the other. Two explanations equally 
met these facts, and both were backed by respectable 
authority : — 

1, The presence of alkali determined acidity in a portion 
of the fat or ethereal oil, while the remainder, after fixing 
water, was separated as glycerine or alcohol. Here would be 
a case of the predisposing affinity of Fourcroy and Vauquelin, 
who could only by this conception explain the preparation^^ 
ether from alcohol or of carbon from sugar by the action of 
sulphuric acid. 

2. The fatty substance or ethereal oil was of the salt type, 
formed therefore of an anhydrous acid, fixed or volatile, and 
anhydrous glycerine or alcohol. Saponification would then 
consist in these latter taking up water and separating as 

^ U Analyse Organique^ p, 129. 
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glycerine or alcohol while the alkali took their place. This 
would satisfy Berzelius’ most fertile idea of the essential 
dualism of salts. 

ChevreuFs work resulted in the isolation of margaric, pleic, 
stearic, butyric, caproic, and capric acids ; its fertility reminds 
one of Scheele, whose research, scarcely more brilliant, though 
more widely known, had discovered the first safe resting-place 
iTi the analysis of vegetable substance. What Gay Lussac and 
Thenardhad done for ultimate analysis Chevreul had now done 
for immediate analysis, its necessary precursor, and all was 
ready for a general advance. 

But we must go back a space, for, while Chevreul was 
striving with the^Vast and heterogeneous class of fatty sub- 
stances, an even more important work was being slowly but 
surely carried to a conclusion. Bei;?elius, having demonstrated 
the conditions of combination in the inorganic world, was now 
concentrating his attention gn organic substance. Did those 
few elements of which it seemed invariably made combine in 
accordance with established law, or did the mystery of vital 
force, life, find its correlate in a mystery of composition ? Was, 
indeed, organic matter knowable to the chemist ? Such were 
the questions Berzelius set himself to answer. What were the 
generalizations at which he had arrived after his long and 
laborious research into the composition of inorganic sub- 
stances? They were these: there is never found here com- 
bination between three atoms of one element and four or five 
of another, but in every compound one of the elements exists 
in the state of a single atom. In any salt there always exists 
aftumple relation between the number of oxygen atoms in base 
and acid.. Now all evidence previously gathered pointed to 
the presence of at least three elements in organic substance, 
carbon, hydrogen, and oxygen, though sometimes there were 
more. Berzelius attacked the simplest compounds first, the 
vegetable acids, ^ bodies exhibiting the transition from in- 
organic to organic nature. 

^ Annals of Philosophy, 4, p. 330, 
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Mindful of Lavoisier's principles, he estimated the hydrogen 
from the water, the carbon from the carbonic acid, evolved on 
heating the substance with an oxidizing agent. He employed 
the lead salts, so readily prepared pure, mixing weighed 
quantities with brown lead oxide. This was in i8ii, and, 
though the method was rough, the results were sufficiently 
momentous, for they proved — 

(1) that the water and lead oxide combined with the 

organic acid contained the same amount of 
oxygen ; 

(2) that there did exrst a simple relation between the 

weights of oxygen in acid and base ; 

(3) that, read in the light of the atomic hypothesis, the 

analysis of oxalic acid would indicate the presence 
of I atom of hydrogen, 27 atoms of carbon, and 
18 atoms of oxygen. 

While some of the evidence, then, was in accord with his 
previous generalizations, the rest^was in absolute contradiction. 
Was he to reject the atomic hypothesis, or revise his philosophy 
of composition ? 

Meanwhile news was come of Gay Lussac and Thenard's ^ 
research. A modification of their analytical method was im- 
mediately adopted by Berzelius. For the upright chamber 
he substituted an almost horizontal tube, wrapped round with 
tinfoil, to prevent bulging, and containing successively a 
mixture of common salt and potassium chlorate, then this mixed 
with the salt to be analyzed, and, finally, more of the chlorate 
mixture. The tube was heated gradually along its length, and 
the evolved gas, after passing through a weighed calcium 
chloride tube, was collected over mercury, and its carboni<?H<rid 
absorbed by sodium hydrate. Berzelius was still instant in his 
recommendation of the compounds with binary oxides for 
analysis ; he felt that so reliable a body as lead oxide would 
act as a break on the vagaries of organic composition. Let 
us take an example; we shall thus best conceive Berzelius' 
problem and manner of attack. A preliminary analysis of lead 
^ Amials of Philosophy^ 4, p. 404. 
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citrate, the lead being weighed as insoluble lead sulphate, 
gave the following : — 


Citric acid ... ••• 34 ‘^^ 

or 100 

Oxide of lead ... 65*82 

or 190 

containing 13-588 parts of oxygen. A combustion taught him 
that 100 parts of the acid contained — 

Hydrogen 

3-800 

Carbon 

. 41-369 

Oxygen 

. 54-881 


approximately four times 13-588, the oxygen content of the 
base. It might bg taken, then, that citric acid contained at 
least 4 atoms of oxygen, 4 atoms of carbon, and 4 atoms of 
hydrogen, though there was no evidence that the formula for 
its lead salt was PbOCA04, rath& than some multiple of 
this. 

And in this manner BerzeFius investigated the composition 
of many other well-known acids and substances of the sugar 
family. His results all pointed in the same direction. No 
analogy could be drawn between the laws of definite proportions 
obtaining in mineral substance and those governing the com- 
position of organic matter. Yet, read by the light of the law 
of volumes or its corollary, the atomic theory, the quantities of 
different elements combined in the matter did exhibit a simple 
ratio. It was, indeed, the atomic theory alone which could 
enable one to understand properly the composition of organic 
substances. Their number was so vast, the elements they 
conJ?rined so few, and the percentage differences in composi- 
tion so small, that one was lost till one could recognize that 
■a single atom of oxygen differentiated citric from succinic 
acid, two atoms of carbon, succinic from acetic. 

Hitherto {up to 1816) Berzelius had strongly urged that 
organic compounds ^ should be considered as inseparable, 
theoretically and practically, into nearer components; the 

* Esscd mr ks Proportions Cfiimiques^ p. 44. 
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three, four, or five elements of their composition must be 
combined each with the other indifferently. But now his 
philosophic spirit demands unity over the whole of the 
chemist’s domain. All vegetable substance contains oxygen ; 
so let us take it that this forms the one nearer component 
which, combined with the other — a compound radical contain- 
ing hydrogen and oxygen, produces it may be an acid like 
acetic, it may be a neutral substance like sugar. It may lie 
assumed that the combination is induced by the two radicals 
retaining a negative and positive charge of electricity lespec- 
tively. One must remem’bar, however, that while some ternary 
oxides, like acetic, tartaiic, and oxalic acids, will thus exhibit a 
negative polarity which rivals that of the most active binary 
oxides, others, like sugar, are almost neutilil, facts which the 
mind refuses to reconcile. But this may be sheer ignorance, 
and therefore let us not ligjitly throw aside an idea which has 
already proved so fruitful in another sphere. May it not be, 
indeed, by reason of these very^ electric charges,^ peculiarly 
modified as they must be, on the great number of elementary 
atoms wliich enter into the composition of the ternary and 
quaternary oxides, that these are in geneial so feebly active 
and so readily dissoluble into the stable bodies, water and 
carbonic acid? 

The idea of a radical forming a proximate constituent of Oiganic 
organic compounds did not originate with Berzelius, for it was 
in this sense that Cavoisier had spoken of sugar and oxalic acid of simple 
as lower and higher oxides of the same hydrocarbon. It was inoiganic 

^ » SIlDStSJlCCS 

not in this sense, however, that he had spoken of his difficulty 
in dissociating his conception of sugar from that of carbon 
combined with water, nor that Gay Lussac and Thenard^’^Swi 
for the moment conceived their three great classes of organic 
compounds as differentiated by the hydrogen or oxygen con- 
tained in addition to carbon and water. Let us now, from the 
point of view of these philosophers, consider organic com- 
position more intimately, remembering that there was nothing 
a priori unreasonable in regarding one compound as made up 
^ Annals of Philosophy ^ 4, p. 329. 
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of Others simpler but equally stable. There was no sense of 
saturation capacity referable to the elements ; one only knew 
that elements combined, acids and bases combined, salts com- 
bined, De Saussure, in 1814, after confirming Dalton's analysis 
of olefiant gas, submitted ether and alchohol vapour also to 
explosion with oxygen. Gay Lussac, with the results of these 
experiments in his mind, considering that olefiant gas must 
have some special relation to alcohol, from which it is so 
readily prepared, familiarized too with the idea of reading com- 
position in terms of complexes which analysis showed might 
be present, and urged by his faith in "simple volume relations, 
was led to regard alcohol and ether as containing olefiant gas 
and water vapour combined in the volume ratio of i : i and 
2 : I respectively .r Here would certainly be valuable theo- 
retical confirmation of de Saussure's analyses. Further evidence 
of the correctness of this view was^ offered by Robiquet and 
Colin, showing, in 1816, that the haloid ethers of alcohol must 
be regarded as combinations of this same olefiant gas with 
equal volumes of halogen acid, not of alcohol and acids, as 
Boullay had maintained. These geneial conceptions seemed 
fruitful, so Dobereiner^ now wrote oxalic acid CO + CO®, 
sugar CO® + CH®, alcohol CO® + 3CH®, and formic acid 
HO + 2COj while Chevreul,® in 1824, boldly and without 
reservation accepted Gay Lussac and Thenard's classification 
of 1810. 

But Berzelius® had at once detected danger in this speciously 
reasonable method of expressing composition ; the number of 
organic compounds was too great to allow of their composition 
being so expressed ; morieover, there would then be an induce- 
^to correct analyses to meet preconceived views, too 
alluring for fallible man. And with the application of his 
electro-chemical theory to organic matter his heart hardened 
still more, for with this theory such conceptions of composition 
were utterly incompatible. Radical and oxygen, such alone are 

^ Kopp, Geschichte der Chemie^ iv, p. 319. 

^ VArialyse Organique, p. 191. 

® Bssai $ur ies P^'opQrtwns Chmiqws, p. 47. 
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the nearer components. De Saussure and others may speak 
of oils which contain carbon and hydrogen only, but let them 
repeat their analyses ; it is more likely they have made a mis- 
take than that one^s whole idea of organic composition is 
erroneous. 

Gay Lussac, in 1815, had showm that prussic acid, like GayLus- 
hydrogen sulphide, was entirely free from oxygen ; that it was a 
compound of hydrogen with a radical cyanogen ; that the latter radical^ ^ 
could be itself prepared and would combine directly with 
chlorine. One would think that here was a weapon which 
might have been used wifh^telling effect by either Berzelius or 
his opponents. But if cyanogen was capable of a separate 
existence, its acid might be relegated to the bulk of inorganic 
compounds j its consideration was not here in point. It is of 
importance, historically, thft copper oxide was used by Gay 
Lussac as oxidizing agent in the analyses of the cyanides ; its 
general use was thencefort?i established. 

After Robiquet and Colin's demonstration of the com- Dumas 
position of the haloid ethers, tfiere prevailed a general im- , 
pression that other long-known compound etheis contained as etherin'^ 
proximate components alcohol and the anhydrous acid, or, as theory. 
Berzelius maintained in 1825, ether and the hydrated acid. 

Ether and alcohol Berzelius regarded as oxides of quite 
different radicals, and analysis had shown him that it was the 
first, and not the second, which was here combined. But in 
1828 there was published a paper kin the joint name of Dumas 
and Boullay which shed great light on this question. Dumas 
and Boullay had begun an investigation of the compound ethers, 
convinced that the province of the ^mineral acid necessary to 
their preparation was the preliminary conversion of alcohd!^ta 
ether ; they were naturally aware how Chevreul had shown that 
fats might be regarded as formed of anhydrous fatty acid and a 
radical which, on saponification, combined with water to form 
glycerine. They had prepared a number of the compound 
ethers, determined their elementary composition by Gay 
Lussac's combustion method, their vapour density, and the 
^ Pogg, Ann,^ 12, p. 432. 
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acid and alcohol separated on saponification. The inference 
to be drawn from their experiments had been ever the same ; 
compound ethers contain as nearer components ether and 
anhydrous acid. Thus expressed in volumes (O = 8, H = *5, 
C = 6) oxalic ether had the composition CeHgO^, or some 
multiple of this — most probably 2C6H6O2, or C12H10O4 — which 
suggested CiqHsO and C4O3, ether and anhydrous oxalic acid, 
as%earer components; for the vapour density 6*609 calculated 
on this supposition would agree fairly with the 6'o8i of practice. 
A further analysis confirmed Dumas and Boullay in their 
opinion. The oxalic acid was estifhated as calcium oxalate, 
the alcohol by means of the hydrometer, a portion of the ether 
being distilled with potash. From 100 parts there were 
obtained — 

48*98 acid 

62*18 alcohol 

r 

iii*i6 

whereas theory demanded 112*24, 

Now Dumas and Boullay accepted Gay Lussac’s opinion 
that ether and alcohol were the first and second hydrates of 
“ hydrogbne bicarbone ” — they formulated them 4C2H2.HH and 
4C2H2.2HH respectively — and were therefore constrained to 
regard the compound ethers also as bodies containing this 
same radical 4C2H2. So Chevreul had thought There seemed 
here a family relationship closely analogous to that found 
among the ammonium compounds, and indeed the analogy 
between the compound ethers and ammonias went beyond 
mere formulation. If an ether was treated with ammonia, the 
latj^took the place of part or all the hydrocarbon, without in 
any measure affecting the neutrality of the compound. If the 
hydrocarbon were only soluble in water, it might well be as 
alkaline as ammonia. The tendency to abjure water of 
crystallization seemed common to ethers and ammonium 
salts alike. And Dumas and Boullay gave point to their 
suggestions by drawing up the following table : — 
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Salts of the “ hydrog^sne 
bicarbone 

Ammonia salts 

The chloride 

2C2H2.2HCI 

2NH3.2HCI 

The iodide 

2C2H2.2HI 

2NH3 2HI 

The nitrite 

4C2HS.N.N.HH 

2NH3.N.N.HH 

The acetate 

4CJL.C4H6O3.HH 

2NH3.C1H5O3.He 

The oxalate 

4C3H2.CiO3.HH 

2NH3.C1O3.HH" 

Cane-sugar 

4C3H04C.HH 


Grape-sugar 

4C3H2.4C.2HH 

♦ 



table which marks an advance that has rendered their in- 
vestigation famous. Here at last were the beginnings of a classi- 
fication philosophically sound and experimentally verifiable. 

“ Not even the compounds of the hydrocarbon with water Beizelius’ 
are alkaline ; nor do its salts react like those of ammonia. We 
know that ether does not combine with an anhydrous acid,” etherin 
wrote Berzelius in his yearly report.^ “ His (Dumas’) idea of tkeoiy. 
a carbonated alcohol and a carbonated ether in the sugar 
group may do for the French ; it is certainly ingenious, possibly 
right as far as the quantities of the elements are concerned, 
but philosophical, no I ” — this in a letter^ to Wohler. 

There were few dogmas believed in more devoutly by Wohler 
Berzelius and thd" bulk of contemporary chemists than this, 
that difference in property could only be a consequence of cyanic and 
difference in composition. The attitude was pernicious in so 
far as it tended to stifle any striving after wider information spectively 
than was conveyed by a mere empirical formula. Facts^’-jere with 
accumulating, however, which were irreconcilable with any such 
limitation. In 1822 Wohler published an analysis of cyanic 
acid ; it was at the outset of his career, and his position was 
yet to be established. Another young German, Liebig, had 
found an entrance to the laboratory of Gay Lussac, and was 

^ Jaliresberichtj 1829, p, 296. 

" Berzelius-Wohler, Briefwechsel, i, p. 216. 
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there at work on the fulminates in collaboration with his 
famous preceptor. To the astonishment of both master and 
student, the fulminic acid was composed of the same elements, 
combined in the very same proportions, as was Wohler's cyanic 
acid. A case of identical composition with different constitu- 
tion, said Gay Lussac. Absurd! rejoined Berzelius. Liebig 
then analyzed silver cyanate, and found that it contained 71 
pCr cent of the silver oxide, and not the 77*23 of Wohler. 
The Parisian seemed to have the victory, and exulted in it. 
Wohler^ repeated his analysis, and found 7 7 ‘S 3 Liebig had 
used impure material. Finally, iit 1826, Liebig once more 
examined both the fulminate and cyanate, and found their 
composition identical. Even Berzelius seemed convinced. 
Faraday Meanwhile Faraday ^ in England had published a paper 
invest!- ^ bearing on this same question of identical composition asso- 
fainhySo- ciated with different properties. In^the receivers of the “ poit- 
carbons. able gas " company there was always an oil deposited, and this 
oil Faraday had investigated. Having found a new carburet 
of hydrogen (benzene) in the liquid portion, he turned himself 
to the more volatile fraction which the condensed liquor 
evolved on being removed from the chamber. This fraction 
liquefied at 6° Fahr., and detonation with oxygen showed it to 
have the same composition as olefiant gas. But its vapour 
density was twice that of olefiant gas, and, moreover, though 
it combined volume for volume with chlorine, the body so 
formed contained twice as much carbon and hydrogen for the 
same amount of chlorine as chloric ether did. Mindful of the 
similarly anomalous results of Liebig and Wohler, Faraday 
thought that here again w^as a case of “ different states of 
co«cmnation" of the same elements united in the same 
proportions. 

Berzelius Thfe question raised by these investigations was still to 

phonc^^" many minds an open one; Berzelius certainly was uncon- 

^cid; he vinced. But, years ago, in 1816, Gay Lussac had noticed the 

accepts curious behaviour of water towards potassium phosphate after 
isomensm. ^ r jt 

^ Berzelius- Wohler, Briefwechsel^ I, p. loi. 

“ Phih Trans 4^ r825, p. 440^ 
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fusion, and in 1825 Berzelius and Engelhart found that the 
hydrated acid itself acted with reagents very differently before 
and after fusion, though its ^quantitative composition remained 
the same. Berzelius was moved. But it was only in 1830, 
after he had finally assured himself that racemic acid, though 
behaving so differently, had the very same composition as 
tartaric acid, bore in fact the same relation towards it as 
fused to unfused phosphoric acid, that his doubts vanished. 

There did then exist bodies having the same composition 
yet exhibiting different properties, and such he would call 
isomeric.’^ But there wa^ a radical difference between the 
isomerism of racemic and tartaric acids and that of Faraday's 
olefines ; he would hence distinguish between “ metameric " 
and polymeric ” compounds. 

This same eventful decade was to see yet another time- Wohler 
honoured superstition removed, Gmelin, writing in 1817, 
had spoken of the differences between organic and mineral ammo- 
matter being more easily felt than defined ; the impossibility uium 
of artificially preparing a member of the former class had 
appealed to him, however, as one certain differentia. ^^You 
may remember," writes Wohler^ to Berzelius, in the February 
of 1828, “how while I was with you, when trying to make 
ammonia combine with cyanic acid, I always obtained a 
crystalline body which gave the reactions of neither one nor 
the other. I have Just made this crystalline body the subject 
of a little investigation, preparing it by the action of ammonia 
oh lead cyanate, and have discovered it to be nothing else 
than urea. This may be taken as an artificial produ<^ion 
from inorganic substance." “A right weighty and pleasing 
discovery," returned the Sage, who, however, with others, had 
long foreseen its possibility. 

Prout® has shown the formula for urea to be C2O2N4H8. Another 
“ The composition of ammonium cyanate should be the same 
if we assume that in ammonium cyanate, as in all ammonium 

^ Berzelius- Wohler, Bnefwechsel^ I, p. 206; 

® Pogg^ Ann,, 12, p. 250. 
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salts, an atom of water is taken up/^ Here would be excellent 
confirmation of Gay Lussac’s and Faraday's opinions that 
difference of property is not incompatible with similarity 
of composition. Does not the investigation show the in- 
sufficiency of the .conception of alcohol as a compound of 
olefiant gas and water, or of hydrocarbon and carbonic acid?” 
And indeed there now seemed little security in judging from 
|5toducts of reaction to constitution of substance. Such were 
Wohler's ^ comments. 

^ Berzelius- Wohler, Brief w§chsel^ i, p. 207. 
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CHAPTER VIII 

THE RADICAL THEORY AND DISCOVERY OF 
SUBSTITUTION 

The history of a nation is the history of its greatest men**^ Has 
Can we say this of the history of a science also ? Yes, and l>iograpliy 
no ; yes, for it is the generalizations of its gj^atest men from Tf lace 
facts hitherto misunderstood or carelessly neglected that mark ^1^® 
the advance, — the generalizations of a Boyle, a Lavoisier, a chamstry? 
Dalton, or a Berzelius, — that, by defining the boundaries of 
our knowledge, make us sensible of new phenomena, the 
study of which allows of a new generalization, a further 
advance: and no, for the generalizations of the individual 
may be false or not entirely true ; yet there is still progress, 
his personal error being eliminable under the fire of criticism, 
and there being nothing irretrievable in a momentary loss of 
truth, as there is in acts committed through a patriot’s loss 
of self-command. Does, then, the inclusion of brief bio- 
graphical appreciations in a work of this character require 
excuse ; should a history of chemistry be devoted entirely to 
tracing the development of the science, read as a body of facts 
and theories co-ordinating these facts, with the personal 
equation ruled out ? If one regards science objectively, such 
must be the case ; if subjectively, as needs must be, no ,* one 
requires a teacher to expound the chemistry of seventy years 
back as much as to expound that of to-day, and the better 
one knows and appreciates the teacher, the more rapid the 
progress. Yet again, while one demands the how and where- 
fore of that body of fact and opinion which we to-day call 
chemistry, one also demands the how and wherefore of the 
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means by which it has been accumulated. No one who 
has visited the German University towns can avoid being 
struck with the munificence with which science has been 
provided for, yet speaking of a period scarce eighty years 
gone Liebig could say, ‘‘it was then a wretched time for 
chemistry/’ for there was not one public laboratory in the 
country, nor a chemist efficient to direct, had it existed. 
Liebig had needs go to Paris and find admission to the 
private laboratory of Gay Lussac; his countryman Mitscher- 
lich had already sought Berzelius at Stockholm, soon to be 
follo\ved by Wohler and others. ^ It was not pure chemistry, 
fact or hypothesis, that effected the extraordinary change in 
the conditions of work; it was rather pure personality, the 
personality of Liebig. 

Justus Liebig^ was born at Darmstadt in 1803. The fact 
of his father being a dealer in dye-stuffs brought him early 
into contact with laboratory problems. His spirit of enterpuse 
and independence showed itself early. “ I will be a chemist,” 
said he, in answer to a reproachful question of his school- 
master, and the very boys were overcome with laughter. 
At fifteen years he was sent to a neighbouring town to learn 
the business of apothecary. But pharmacy was not chemistry 
as Liebig was beginning to understand it, so he entered the 
University of Bonn. Here was certainly change, much “ in- 
genious contemplation,” but no chemistry. He travelled to 
Erlangen, where he heard lectures, read*" books, and at nine- 
teen obtained a degree. Then his chance came. His 
ability being made known to the Grand Duke of Hesse 
Darmstadt, he was provided with the means of studying in 
Paris. There worked those giants Gay Lussac, Thenard, 
Chevreul, and Dulong; nor was it long before Liebig was 
received into the laboratory of Gay Lussac. Liebig had 
meanwhile won the appreciation of Plumboldt ; his was a 
personality that inspired immediate and warm friendships. 
“ Of slender form was he, a friendly earnestness in his regular 
features, great brown eyes with shady eyebrows which attracted 
^ Shenitone, Life of Liebigs p, 80. * 
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one instantly/’ It was Humboldt who, in 1824, brought him 
as extraordinary professor of chemistry to Giessen, Two 
years later he was elected to the ordinary professorship, which 
office he held for the next six and twenty years. The dull 
little town of Giessen became famous ; the fires o£ Liebig’s 
laboratory acted as a beacon light, attracting chastened spirits 
from the four quarters of the civilized world. For it was not 
long before the master had roused the Darmstadt Gowernmen! 
to build a laboratory where all might come and seek and find. 
And the movement spread. Liebig, through his pupils, 
tinctured the world ; there' were other governments than that 
of Darmstadt, and soon there were other public laboratories 
than that of Giessen. In 1845 Liebig was created Baron. 
In 1852 he accepted a call of the Bavarian Government to tlie 
Munich professorship of chemistry. Warmly appreciated by 
the Bavarian Court, entering into the social and philosophical 
life of the university town, courted by all the scientific circles 
of Europe, yet continually fighting weakening health, Liebig 
passed the remainder of his life in Munich. He died in 1873. 

A warm-hearted, warm-tempered man was Liebig. He 
was essentially a pioneer, and a pioneer has to fight. His 
criticisms on what he conceived an error certainly did not err 
on the side of leniency, yet while men fought him they loved 
him. The last thirty years of his life were devoted to the 
elucidation of the principles which underlie correct agriculture 
and enlightened pharmacy. Great fights there were in the new 
arena, for here Liebig had to meet crass and boorish ignorance 
on the one hand, and subservient regard for precedent on the 
other. But he was successful. Is not mineral manure aii^^ in- 
dispensable asset of the successful cultivator of to-day? Who 
of us has not partaken of beef extract? 

When a great worker for science dies, it is the happy lot 
of a chosen colleague to deliver an address in commemora- 
tion of what the lost one has achieved. When Liebig died 
there was found no one who sufficiently comprehtended all 
the phases of his life’s work to do this; three addresses were 
delivered, each by a master. 
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Wohler, 

j8oo~ 

1882. 


While Liebig was working in Giessen, another young 
German, whose name has already been met more than once 
in these pages, was laying the foundations of a world-wide 
reputation. Three years older than Liebig, Friedrich Wohler 
was born at Eschersheim near Frankfort in 1800. His father, 
an equerry to the Elector of Hesse and a man of means, sent 
him in his twentieth year to the University of Marburg to 
kudy medicine. But Wohler had early been inspired with 
the love of pure science, and he soon left Marburg for Heidel- 
berg, to sit at the feet of the famous Gmelin. Won over from 
medicine by his preceptor, he set off in 1823 for Stockholm, 
to be received into Berzelius' laboratory. A few months spent 
there, and he was back again in Germany, a teacher of 
chemistry in th€' Berlin trade school. This was in 1825. In 
1831 he was appointed Professor of Chemistry at Cassel, where 
he remained nearly five years, '^hen he went to Gottingen, 
whose university he adorned for the next forty-six years, attract- 
ing to his laboratory and lectures thousands of students from all 
quarters. As a teacher he ranks with Berzelius and Liebig, 
perhaps higher than either, for Berzelius' laboratory was small, 
Liebig’s interests were somewhat specialized. But whatever 
branch of chemical science was to be understood, the student 
had only to arrive at Gottingen and the goal was within reach. 
A happy temperament was Wohler's ; mens sana in corpore sa?io 
might well have been his epitaph. Hi§ fourscore and odd 
years of life brought him into contact with all the strifes that 
rage over the childhood, youth, and maturity of a new science, 
yet were his word and action ever for peace. Barely half his 
lif^was spent when the great Berzelius passed away — Berzelius, 
to whom, since his first visit to Stockholm, he was bound by 
ties of the warmest affection and veneration. Nine years 
did he outlive the fiery Liebig. Ever since, in 1828, these 
old antagonists had met, there had existed an ever-ripening 
friendship between them, and dear must have been the thought 
that to ail time, by virtue of their joint work, the name of 
Liebig must recall that of Wohler, the name of Wdhler that 
of Liebig. 
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In the Annakn der Fharmade'^ for the year 1832 there was Liebig and 
published a paper under the joint names of Liebig and Wohler, y'dbXtxh 
This paper, entitled Investigations into the Radical of Benzoic to oahe 
Acid,” was the outcome of four weeks' strenuous labour in 
Liebig's laboratory at Giessen, where Wohler, stunned by the 
sudden death of his young wife, had gone for sympathy and 
distraction. Shortly before, it had been discovered that ’ 
almonds, when triturated with alcohol, lost their bitter taste* 
which, however, was retained to a marked degree by amygda- 
lin, the substance extracted by the alcohol. From this 
amygdalin, on treatment with boiling water, was obtained the 
long known bitter almond oil and prussic acid. The crude 
oil obtained from amygdalin, or directly from almonds, was 
distinguished by its power of absorbing oxygen from the air 
with formation of benzoic acid, and it was this fact which 
attracted Liebig and Wohjer's attention. They soon dis- 
covered that the production of benzoic acid was entirely 
independent of prussic acid, whicl-^ indeed, had no part at all 
in the composition of essential oil of bitter almonds. This oil, 
purified from all traces of prussic acid, benzoic acid, and water, 
formed the subject-matter of Liebig and Wohler's research. 

The first fact to be established was its composition, and for 
this they used the combustion method, which Liebig, after six 
years' constant thought and experiment, had finally perfected 
by the institution of potash bulbs for absorption of carbonic 
acid. The composition, read in terms of Berzelius’ atomic 
theory, demanded a formula CuHiaOs, while the benzoic acid 
obtained by its immediate oxidation, its treatment with potash, 
or directly from gum benzoin, requiied the formula C14IL3O4, 
or CiJlioOs if water of hydiation was excluded. On passing 
chlorine through almond oil, hydrochloric acid was evolved 
and a body produced with a formula C14H10O2CI2, which, in the 
presence of water, yielded benzoic acid and hydrochloric acid, 
and in the presence of alcohol, benzoic ether and hydrochloric 
acid. This chlorine derivative, the first acid chloride known, 
readily combined with ammonia to form a body analogous 
' 3 . P* 249- 
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lation of 
previous 
views on 
organic 
constitu- 
tion. 


to the oxamide discovered by Dumas in 1S30, a body there- 
fore which Liebig and Wohler termed benzamide, and which 
they found to have the composition C14H14N2O2. Benzamide 
boiled with potash solution yielded potassium benzoate and 
ammonia. Here/then, were a number of substances differing 
entirely from each other in their physical and chemical 
gropertieSj yet agreeing in this, that fourteen atoms of carbon, 
ten of hydrogen, and two of oxygen, were represented in all 
their formula. Since all such substances were directly convert- 
ible into benzoic acid or its salts, thpse atoms probably entered 
their composition as a constant, self-sufficing group or radical 
To this group the authors gave the name “benzoyl’^ ‘‘Your 
results are certainly the most important yet obtained in vege- 
table chemistry, . . for which they mark the beginning of a 
new day,” wrote Berzelius from Stockholm. ‘‘ In Pans, the 
chemical world speaks only of your experiments. Come, then, 
with M. Wohler, come and receive homage, your due,” wrote 
Pelouze to Liebig. On the face of it there scarcely seemed 
sufficient reason for this excitement, yet a little thought will 
show how natural it was. 

Forty years earlier, Lavoisier had introduced the idea of a 
“radical,” a group of two or more atoms, which in organic 
nature took over the part played by single atoms in the mineral 
world. So sugar and oxalic acid he had regarded ^as different 
oxides of the same hydrocarbon radical. Berzelius had accepted 
Lavoisier's term, had spoken of that atomic group which was 
combined with oxygen in acids as a radical, but had gone no 
further, for he was convinced that such a radical could only 
combine in one proportion with oxygen, forming one substance, 
one acid. To the majority of chemists acceptance of such 
hypothetical units in organic substance seemed superfluous; 
the only so-called radical which was above suspicion was 
cyanogen — cyanogen the parent, not, however, of organic but of 
inorganic compounds. The conception of organic constitution 
which had seemed most fruitful was that which culminated in 
Dumas and Boullay’s paper of 1828, that organic bodies were 
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compounded of other known, simpler, binary compounds. 

Ethylene did really combine with chlorine and hydrochloric 
acid, and was really obtainable from alcohol ; its presence as 
such in Dutch liquid, ethyl chloride, alcohol, and so ether, did 
therefore seem probable. That chemical affinity depended on the 
electrochemical opposition of the atoms had been agreed by all 
who in anywise regarded chemical dynamics; so Dumas, to make 
his ‘‘hydrogene bicarbone” formula for sugar, 4C2H24CHH, 
acceptable, must postulate unequal potentials in his different 
carbon atoms, while Berzelius, more consistent, must refuse 
any formula, unless oxygen*alone be recognized as electrically 
antithetic to the rest of the compound. And finally, let it be 
remembered, isomerism was an established fact for all 

Now here was the benzoyl ladical of Liebig and Wohler, Berzelms 
which did undoubtedly contain oxygen; which did as un> Accepts the 
doubtedly enter into the'cotiposition of such different substances benzoyl 
as bitter almond oil, benzoic acid, benzoic ether, benzoyl 
chloride, and benzamide. Here \^as a group of atoms certainly recants. ^ 
organic — for three elements were present — which played the 
part of electro-positive element just as completely as cyanogen 
played that of electro-negative. To such a mind as Berzelius' 
its significance was immediately obvious ; what holds good for 
benzoyl compounds would probably hold equally good for others; 
so writing the symbol for “oleum vini’' (C4H8), etherin, 
there might be — • 

E + 2p alcohol 
E + S ether 

E + set hydrochloric ether 
E + nitric ether. 

This was in the first burst of his enthusiasm, and it was not 
long before his electrochemical principles reasserted them- 
selves. A radical is that which occurs combined with oxygen ; 
a radical containing oxygen has no meaning; one might as 
well regard sulphurous acid as the radical of sulphuric, as 

* ^Berzelius-Wbliler, BriefiuechseU i. p. 45^* 
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to the oxamide discovered by Dumas in 1S30, a body there- 
fore which Liebig and Wohler termed benzamide, and which 
they found to have the composition C14H14N2O2. Benzamide 
boiled with potash solution yielded potassium benzoate and 
ammonia. Here/then, were a number of substances differing 
entirely from each other in their physical and chemical 
groperties, yet agreeing in this, that fourteen atoms of carbon, 
ten of hydrogen, and two of oxygen, were represented in all 
their formulae. Since all such substances were directly convert- 
ible into benzoic acid or its salts, th^se atoms probably entered 
their composition as a constant, self-sufficing group or radical. 
To this group the authors gave the name “benzoyl.’’ “Your 
results are certainly the most important yet obtained in vege- 
table chemistry, . . for which they mark the beginning of a 
new day,” wrote Berzelius from Stockholm. “ In Paris, the 
chemical world speaks only of you^* experiments. Come, then, 
with M. Wohler, come and receive homage, your due,” wrote 
Pelouze to Liebig. On the face of it there scarcely seemed 
sufficient reason for this excitement, yet a little thought will 
show how natural it was. 

Recapitu- Forty years earlier, Lavoisier had introduced the idea of a 
lation of « radical,” a group of two or more atoms, which in organic 
vilw^on nature took over the part played by single atoms in the mineral 
organic world. So sugar and oxalic acid he had regarded ^as different 
oxides of the same hydrocarbon radical. Berzelius had accepted 
Lavoisier’s term, had spoken of that atomic group which was 
combined with oxygen in acids as a radical, but had gone no 
further, for he was convinced that such a radical could only 
combine in one proportion with oxygen, forming one substance, 
one acid. To the majority of chemists acceptance of such 
hypothetical units in organic substance seemed superfluous; 
the only so-called radical which was above suspicion was 
cyanogen — ^cyanogen the parent, not, however, of organic but of 
inorganic compounds. The conception of organic constitution 
which had seemed most fruitful was that which culminated in 
Dumas and Boullay’s paper of 1828, that organic bodies were 
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compotmaed of other known, simpler, binary compounds. 
Ethylene did really combine with chlorine and hydrochloric 
acid, and was really obtainable from alcohol ; its piesence as 
such in Dutch liquid, ethyl chloride, alcohol, and so ether, did 
therefore seem probable. That chemical affinity depended on the - 
electrochemical opposition of the atoms had been agreed by all 
who in anywise regarded chemical dynamics; so Dumas, to make 
his “hydrogene bicarbone” formula for sugar, 4C2H24CHH, 
acceptable, must postulate unequal potentials in his different 
carbon atoms, while Berzelius, more consistent, must refuse 
any formula, unless oxygen* alone be recognized as electrically 
antithetic to the rest of the compound. And finally, let it be 
remembered, isomerism was an established fact for all. 

• 

Now here was the benzoyl radical of Liebig and Wohler, 
which did undoubtedly contain oxygen; which did as un- 
doubtedly enter into the composition of such different substances 
as bitter almond oil, benzoic acid, benzoic ether, benzoyl 
chloride, and benzamide. Here \^as a group of atoms certainly 
organic — for three elements were present — which played the 
part of electro-positive element just as completely as cyanogen 
played that of electro-negative. To ^uch a mind as Berzelius' 
its significance was immediately obvious ; what holds good for 
benzoyl compounds would probably hold equally good for others ; 
so writing the symbol E^ for “oleum vini" (C4H8), etherin, 
there might be — • 

E + alcohol 
E + A ether 

E -f set hydrochloric ether 
E + ilA nitric ether. 

This was in the first burst of his enthusiasm, and it was not 
long before his electrochemical principles reasserted them- 
selves. A radical is that which occurs combined with oxygen ; 
a radical containing oxygen has no meaning; one might as 
well regard sulphurous acid as the radical of sulphuric, as 

^ ^Berzelius-Wohler, Brkfivechseli i. p. 458. 
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C14H12O2 the radical of Ci4Hia03. No; the radical of benzoic 
acid is that of acetic acid C4SS, and just as the former, 

benzoyl, is a common component of many bodies, so the latter, 
acetyl, is present in the vinyl chloride C4fiiCi of Regnault 
^and the aldehyde C4rf30.H0 of Liebig. And now looking to 
ether and alcohol as represented by their simplest formulae 
<J4 HioO and C2H6O3 Berzelius could not but regard the first as 
the lower oxide of the radical CgHg, whose chloride is the 
well-known ether C2H5CI, and the second as the oxide of 
a radical C2H6. And to this view he henceforth steadfastly 
adhered. 

Meantime Liebig's attitude towards the constitution of 
acids had become a little mixed; for while he retained the 
benzoyl radical in its primitive entirety, he with Berzelius 
denied oxygen to the radicals of other acids, allowing acetyl 
to be the radical of acetic acid and the group Caff to be the 
radical of both formic acid C2HO3 and chloroform C2HCI3. 
And in 1837 we find Dumas taking the same view of acid 
constitution, and writing thc?se groups of atoms which enter 
into combination, some like oxygen or chlorine, some like a 
metal, as the tiue elements of organic chemistry. 

Yet in giving a constitution to alcohol and ether Liebig 
and Dumas departed both from Berzelius and from each other. 
Berzelius, possessed by the antithesis of radical and oxygen, 
wrote ether (C2Hg)20, and alcohol C.HeO ; Liebig, impelled 
by a desire for unity, and caring less for eledtrochemical theory 
than for the obvious relationship of the two substances, wrote 
ether C4H10O, and alcohol C4H10O.H2O ; Dumas, with a kindly 
feelii^forhis hydrogene bicaibon^" of 1828, continued to write 
40215. 2 HO and 2C2H2.H2O; and his discovery with Peligot 
of a body in wood spirit entirely analogous to alcohol and 
having the formula C2H2.2HO seemed to many sufficient 
confirmation of his opinion. So while these chemists were at 
one in accepting radicals as the units of organic structure, they 
differed on the question of these radicals' composition, and, 
moreover, agreed to differ. The end to be achieved was not 
always the same ; with one it might be a graphic presentment 

152 



of potential metabolism, with another a symbolic dissociation 
of matter into what were believed real, constant, simpler com* 
plexes. So, on the one hand, Dumas wrote alcohol 4C2H2.2HO, 
yet without suggesting that ethylene and water were present 
as such ; on the other, Berzelius was prevented by the phe- ^ 
nomena of isomerism from writing as a radical that which 
combined with oxygen merely because it did combine with 
oxygen — from writing ether C4H10O rather than (CoHs)^©. 

Liebig ^ suggested three conditions, two of which must be Liebig's 
fulfilled by any group of atoms that would claim to be called 
a radical ; it must occur unchanged in a number of compounds, ^ ' 
it must be replaceable as such in these by single elements, and 
it must itself be capable of replacing elements. In fact, the 
very same arguments which were accepted as proving the 
existence of fluorine or calcium were to be regarded as equally 
cogent for the existence of radicals. 

It was in 1S43, on the consummation of Bunsen’s research^ Bunsen’s 
into the cacodyl compounds, that* the radical theory reached reseaichour-; 
its zenith with the discovery of a three-element group capable 
of separate existence, and which in all its chemical relation- 
ships exactly impersonated a metal. Six years had Bunsen 
been engaged on his most difficult and dangerous task. Cadet’s 
liquid, the body produced by heating arsenious acid with 
potassium acetate, had long had its place in chemical text- 
books, whose auth<Jrs, held at bay by its spontaneous inflam- 
mability, its nauseous odour, and extraordinarily poisonous 
properties, had needs been content with describing it as a 
compound of acetic and arsenious acids. Analysis of Cadet’s 
liquid by"" Liebig’s method showed it to possess an empirical 
formula C^H^As; its apparent analogy with alcohol C2HQO, 
and the mercaptan CsHgS discovered by Zeise in 1833, sug- 
gested to Bunsen the name “alcarsin,” which combined the 
first letters of both alcohol and arsenic. Soon, however, 

^ Ami, Chem, Pharm,y 25, p. i. 

2 Pogg, Ann., 40, p. 219 ; 42, p. I4S- Liebigs Ann,, 37, p. i ; 

42, p, 14 ; 46, p. I. 
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considerations based on its vapour density rendered a doubling 
of the formula necessary, and this analogy vanished, though the 
name remained. Alcarsin was found to combine directly with 
oxygen, forming a substance ‘‘alcargen” with the formula 
‘C4H14AS2O5, or perhaps C4H12AS2O4 + HoO, a body which 
possessed an acid reaction, and, curiously enough, was non- 
^oisonous. Berzelius had indeed thought that alcarsin itself 
must contain oxygen, as the following equation would 
suggest : — 

2C4H6O3 \ C40« (or 4CO2) 

+ > • 4. 

AS2O4 j C4H12AS2O 

and now, on further examination, Bunsen found that this was 
the case. The purified alcarsin or cacodyl oxide, on the 
addition of hydrocyanic, hydriodic, and hydrochloric acids — 
the latter in presence of mercuric chloride — ^yielded a cyanide, 
an iodide, and a chloride respectively, all containing the group 
C4H12AS2; and, on heating ^e chloride to 100° with metallic 
zinc, clear prismatic crystals of the radical itself, C4H12AS2 or 
Kd,” were obtained. “ The affinities of this radical, almost 
unexampled in the province of organic chemistry, the ease 
with which it can be transferred from one substance to another, 
the multiple relationships into which it enters with metalloids, 
but above all the electrochemical character of its compounds, 
mark an identity in the laws of organic and inorganic com- 
bination, which may not be without influence on our con- 
ceptions of a science whose propositions can scarcely be 
maintained miless with the weapons of analogy.” So wrote 
Bunsen. 

But much had happened during the years that Bunsen had 
devoted to his laborious task, much that had immediately to 
do with the combating of this very theory of radicals whose 
growth had been seemingly so sound and necessary. Let us 
go back, then, a decade, and, that our minds may acquire tone 
for the inception of quite different ideas, let us here dwell for 
a moment or^ the circumstances of a leading hero in the strife 
now raging. 
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■\Vhat Liebig bad done for Germany in the matter of insti- Dumas 
tuting public laboratories, Dumas did for France. It is a 
strange fact that, up to 1832, when Dumas at his own expense of public 
opened a public laboratory, no provision had been made for 
the young, poor, and unknown scientific aspirant ; this thougif France, 
for more than sixty years the world’s eye had been turned. ^ 
and rightly turned, Pariswards for the elucidation of physical 
problems. Nor could the want of political influence be urged 
in excuse for this neglect, for in no country at no time were 
high state offices so liberally distributed among men of 
scientific eminence. No,^it was merely that to the outside 
world, and indeed to himself also, the man of science appeared 
as some one quite apart ; he had always been self-made, 
outside the universities he must always be &%lf-supporting. It 
was then right and good to divulge in brilliant lectures secrets 
wrested from nature ; it^ was not right and good to foster 
enthusiasms which in many cases must necessarily lead to 
starvation. 

Jean Baptiste Andr^ Dumas was born on July 14, 1800^ Dumas, 
at Alais, in the department of Gard, where his father was town 
clerk. At fourteen years or thereabouts the boy was appren- 
ticed to an apothecary, though not for long. Before his six- 
teenth birthday he had found his way to Geneva on foot, there 
to find inspiration in mere proximity to such men as De la 
Rive, Pictet, and ^e Candolle. Settled in the pharmaceutical 
laboratory of Le Royer, Dumas was rapidly acquiring local 
recognition as an independent worker, when Humboldt, on a 
visit to Geneva in 1822, called to see him. Some days spent 
in his company, listenmg to familiar talk of La Place, B«rthoi- 
let. Gay Lussac, and other revered names, seemed to alter 
the complexion of things for Dumas. He must go to Paris. 

And to Paris he went, and — such was the impression he 
made — was soon installed in the chair of chemistry at the 
Athenseum. From this time on till his death in 1884 his 
life was one long and brilliant success. With the revolu- 
tion of 1848 Dumas entered into the political life of his 
country, and during the years 1850-51 was MiMster of 
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Agriculture and Commerce. He took his part, too, in muni- 
cipal politics, and in 1859 was elected President of the Council 
of Paris. His hand may be traced in its present system of 
water supply^ lighting, and drainage, A well-known writer^ 
spoken of Dumas as a man ‘‘blessed with a singularly 
equable temperament and a vigorous constitution, and with a 
mlure as warm and sunny as that of his native province.” 
Unfortunately such praises do not obliterate the effect of 
many and bitter animadversions ® on his sense of priority rights 
and general equity as a man of science. Yet was Dumas a 
great man — a man to be judged by what he did, rather than 
by what he did not; a man to be honoured even among the 
honoured throng that made Paris the intellectual centre of the 
world. 


Let us go back to the year 1834. and consider a group of 
facts, many of which, though well enough known, had hitherto 
appeared to call for no special attention, but which now awoke 
in Dumas ^ an entirely new interest. It was in terms of the 
Berzelian theory of acids and of his own theory of the “ hydro- 
gbne bicarb on^ ” radical that he read these facts, and he made 
it a point that, but for this theoretical bias, his generalizations 
could never have been made. 

1. Oxalic acid C^O^.H^O, on the addition of nitric acid, 

was converted into carbonic acid C^O^. « 

2. Anhydrous formic acid oxidized by mercuric 

oxide similarly yielded carbonic acid 

3. By oxidizing alcohol acetic acid or 

was produced. 

4. As shown by Faraday in 1821, Dutch liquid 

when exposed to the influence of chlorine in direct sun- 
light, was converted into a body with the formula CCFCP. 


^ Thorpe, Essays in Historical Chemistry ^ 1st ed., p, 298. 

® C£ E, Meyer, A History of CJwnistry^ p. ajS. 

» Ann. CMm. Fhys,^ 2nd series, 56, p. 100 ; Dumas, Traitide Chimie^ 
% pp. 9#I02. 



Similarly* Gay Liissac obtained cyanogen chloride CyCI from 
hydrocyanic acid CyH; and Liebig and Wohler benzoyl 
chloride C^H^^O^CP from bitter-almond oil. 

5. Finally Dumas had just discovered that by the action of 
chlorine on alcohol there was a body, chloral, pro^ 

duced with the formula C^H^O^CP. , - 

It was on these facts and others similar that Dumas bas^J 
what he called his ‘‘theory of substitution,^’ a theory whtch 
comprised the three following rules : — 

1. When a hydrogenized body is submitted to the dehydro- 
genizing action of chlorine, *of bromine, of iodine, or of oxygen, 
it gains one atom of chlorine, bromine, iodine, or half an atom 
of oxygen for each atom of hydrogen it loses. 

2. When the hydrogenized body contain* oxygen, the same 
rale obtains without modification. 

3. If the body contains water, the latter loses its hydrogen 
without replacement, and the body so obtained then obeys 
rule 2. 

It is obvious, as Dumas subsequently contended, that here 
was no theory of substitution in the stricter sense, but rather a 
mere expression of ordered facts ; these were facts of such sig- 
nificance, however, as to deserve classification under a special 
heading “ metalepsy,” ^ 

With us to-day the word “substitution” stands for so Laurent 
much that we are perhaps led to an undue appreciation of 
Dumas as the autlfor of the “ theory,” which is the more unfor- 
tunate as we thereby detract from the merits of its virtual 
author, the far less known though scarcely less acute Auguste 
Laurent. As the latter long ago pointed, out, and §s the 
thoughtful reader will have discovered for himself, Dumas did 
no more than demonstrate the applicability of those laws of 
equivalence to organic composition, which Wenzel and Eichter 
had discovered to obtain in the mineral world. Laurent ^ had 
been investigating the products of the action of chlorine on 
naphthalene, and in this same year, 1834, he told how these 

^ Mem, Acad.y 15, 548. 

® de Pharmacte^ 1834, Laurent, Chetnical Method, ^ 186. 
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seemed to separate themselves into two classes, the ,one, that 
of the halydes, containing such compounds as CioH^ C10H7CI, 
CioHaCla, CioCls, and the other, that of the hyperhalydes, such 
compounds as CioHgCla, QoHsCh, C10H7CICI4, CioH^ClsCh. 
^he halydes might, be distilled without decomposition, and 
were 'unchanged by potash; the hyperhalydes, on the other 
l^nd, when distilled, or treated with potash, lost hydrogen 
ari chlorine as hydrochloric acid, a halyde remaining. So 
from the body C10H3CI2 he had obtained C10H7CI; from 
CioHgCh, CioHgCt It must be, thought Laurent, that the 
physical and chemical differences; between the halydes and 
hyperhalydes are correlated with some difference in the struc- 
ture of the molecules ; it must be that the chlorine which 
enters into the cpmposition of a halyde not only substitutes 
hydrogen, atom for atom, but naturally takes its place and 
to a certain degi-ee fulfils its functions. So the chlor-com- 
pounds must be analogous with tfce compounds from which 
they are derived. These compounds, on the other hand, 
which the chlorine enters Ijy addition rather than substi- 
tution, should be, and are entirely different. And just as 
Laurent had conceived turpentine and its allied halydes as an 
atomic group, QoAs, when A might be hydrogen or a halogen, 
so now he regarded ethylene as the mother of halydes, with 
the general formula C4A8, which also would show a tendency 
to form hyperhalydes. Nor was it long before he and Reg- 
nault were successful in confirming all these''conclusions. 

In 1837 Laurent submitted a thesis to the “ Faculty des 
Sciences ” at Paris, which gave utterance to his more matured 
views^on the phenomenon of substitution and its implications. 
The naphthalene group CioHg is a nucleus, so is ethylene C2H4. 
From these and similar “fundamental” nuclei are obtained 
"derived” nuclei by substitution; and from such “funda- 
inental”and “derived” nuclei are obtained, by direct addi- 
tion of hydrogen, halogen, or oxygen, a series of compounds 
which include such different bodies as hyperhydride, hyper- 
halyde, aldehyde and acid. So, taking ethylene as a “funda- 
mental 2" nucleus, we have — 
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C4Hg.H4 ^ the hyperhydride 
C4Hs.Ci4 the hyperhalyde 
C4H8.O2 the aldehyde 
C4H8.O4 the acid 

and to each of these series correspond others, where one, two, ’ 
or more of the hydrogen atoms of the nucleus have been sub- 
stituted by chlorine, without radical change in the properties oi 
the derived compounds. It is by the careful consideration of 
this nucleus theory of Laurent that we more rightly under- 
stand the advance which h^d been made under the banner of 
substitution, and more nicely adjudicate the relative merits of 
its author and DuiAas. True it is that this theory received 
but a cold reception ; yet its place in the history of chemical 
philosophy is assured through Gmelin choosifig it as the basis 
for classification of his great Handbtcch^ which, in the words of 
a contemporary,^ ‘‘for completeness and fidelity of collation, 
for consecutiveness of arrangement, stands uniivalled.'^ 

The nucleus theory was unpopular; Berzelius remained Beizeliu^j 
contemptuously silent, while Liebig only noticed it with a view 
to chastening its author. But before long Berzelius was really invesiga-' 
stirred, for close on the publication of the nucleus theory came j 

Malagutfs ® investigation of the simple and compound ethers. 

Ordinary ether C4H5O, under the attack of chlorine, yielded pound 
the chlor-ether C4‘H'30€t2, and if combined with acetic acid, the 
body C4H803.C4'fi3Q€t2. The behaviour of both the free 
ethers and both the combined ethers respectively was entirely 
analogous. The chlorine atoms again played the part exactly 
of the hydrogen atoms they had displaced. Berzelius saw 
that here was the thin edge of a most potent wedge, which, 
unless immediately removed, might break down the whole 
fabric of that chemical theory he had spent so much on build- 
ing. Misconceiving or ignoring Laurenf s claims, he attributed 
its introduction to Dumas, to whom he read a lesson on the 

^ Laurent, Chemical Method^ p. 195, 

® Quart, your. Chem, Soc., 7, p. 148. 

® Anu. Chhn. Phys.^ 64, p. 275. 
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first principles of chemistry^ with the glst^ black white, 
electro-positive is electro-negative, nor can Ihe electro- 
positive hydrogen take the place of and function as electro- 
negative chlorine. “I never said anything of the kind,” 
answered Dumas.^ “To represent me as saying so is to attri- 
bute to me an opinion against which I protest most strongly. 

. I am not responsible for the gross exaggerations with 
which Laurent has invested my theory.” 

Then Dumas himself saw and believed. He was engaged 
by the action of chlorine on acetic acid,^ when, with much evo- 
lution of hydrochloric and carbonid acids, there was produced 
a deliquescent solid, whose vapour density demanded the for- 
mula CsChgOs.HsO, which retained the acidic properties of 
acetic acid, forming a silver salt CsCh^jOg.AgO, a methylic 
ether C4Ch60g.C4H60, and which, on decomposition with 
ammonia, produced chloroform, C4H2Ch6, and ammonium car- 
bonate, just as the mother acidf" produced the hydrocarbon 
C4H8. Here was a compound produced by substitution of 
chlorine atoms for hydrogefi, which retained the acid character, 
the saturation capacity, and potentialities for decomposition of 
its mother substance. It must be, Dumas now allowed, with a 
tribute to Laurenfs prevision, that position rather than cha- 
racter of atoms governs the properties of a chemical substance. 

Laurent, in 1837, striving after the real truth of substitution, 
had pictured the organic molecule as a prism, the angles of 
which were occupied by carbon atoms, thd centres of its edges 
by hydrogen atoms, or, failing these, by chlorine, bromine, or 
iodine atoms. Dumas now, in 1840, discovers a parallel to 
his conception of organic composition in the theory of the 
planetary system, a system where stability depends not on the 
intrinsic nature of the planetary units, but on their relative 
position to themselves and to the sun. Laurenfs prismatic 
molecules had become “nuclei” of a series of compounds 
associated by their common origin ; Dumas' planetary mole- 
cule is discovered to be the “type ” of a number of compounds 
likewise associated. 



In ino]?^anic chemistry we have diiFerent compounds of the 
same metaKbelonging to the same type ; thus — 

BaO, BaCh^ BaS, BaCy^ 
with which we may compare — 

SrO, SrCh^ SrS, SrCy^ 

or — 

PbO, PbCh^ PbS, PbCy 2 

and so, too, in organic. One ^ may take the group QHg as 
the point of departure, and "combine it successively with Hg, 
Chg, and O3; or, rather, one may take Hg and unite it with 
C4H2> C24H6, etc., and there will result groups of bodies allied 
by a great number of common properties, and appertaining all 
to one large chemical type, susceptible of subdivision into par- 
ticular series, founded on one or other of the indicated bases.’’ 
Hence we arrive at a “ veritable natural classification.” Sub- 
stances like marsh gas C4H8 and ^chloroform C4H2CI6, acetic 
acid CsHgOs.HaO and chloracetic CaClgOs.HaO, aldehyde 
CsHioOa and chloraldehyde CgHaClsOa, are respectively of 
the same “chemical type.” Substances like alcohol, CsHg-H^Oa, 
and acetic acid, CgHgOs.HgO, producible from one another by 
substitution, and containing the same number of equivalents, 
yet exhibiting essentially different properties, are of the same 
“ mechanical type.” 

Here is an extract 2 from Dumas’ table : — 


First Mechanical Type 


Formic series 

Benzoic series 

Alcohol type 
.. QHeO^ ... 
.. C28Hjg02 ... 

Acetic type 

^28^^1204 

Second Mechanical Type 


Ether type 

Formic series C 4 H 8 O . 

Benzoic series C 28 H 14 O , 

Aldehyde type 

.. C.HjO, ... 

. . • • * 

’Acid type 
C 4 H 2 O 3 

^^28^^1003 

^ Dumas, Mimoires^ p. 28. 
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Third Mechanical Type 4fe„ttype 

Formic series C4H4 

Benzoic series C24HJ2 

The - One observes that Dumas' mechanical types associate the 
mMiSh compounds as Laurent's series ; the difference being 

thf type ^ «^hat while Laurent's compounds were produced by addition to 
theory. % nucleus, Dumas’ resulted from substitution in the typical 
substance. Where, then, lay the advance ^ claimed with this 
type theory of Dumas ? First, in this, that substitution by 
equivalents, and in the sense t>f Laurent, was more rigor- 
ously insisted on ; secondly, in that the necessity of showing 
bodies of the same mechanical type ” to be composed of the 
same number "of equivalents rendered the question of their 
real molecular weights more acute ; thirdly, in that its con- 
ception brought Dumas to throw down the gauntlet to Berzelius 
in the arena of the electro-chemical school ; and lastly, in the 
pre-eminent scientific position of its author, which gave its 
status at least respectability, indeed attracted to it wide and 
conscientious consideration. Yet to the outside world the 
demands of the French school seemed undue ; even the patient 
Wohler was tired of the eternal song of substitution, though, 
as he wrote ^ to Berzelius in 1840, he had himself been led 
to try his hand at the new process. He had heated copper 
acetate CuO + C4H6O3 in a stream of chlorine, again treated 
the body so produced with the same element, and finally 
obtained pleasing yellowish crystals of a compound ClCl + 
61 ^ 0 ^ 0 :^ + H. Amidst a "paean of triumph from Berzelius, 
Lirt)ig, and their followers, an account of a very similar 
success found its way into the chemical journals, 

Berzgtis ^ But it was not in Berzelius' nature to be merely a 
pr(^lem of destructive critic; he recognized the moment of Dumas' 
substitu- results, and saw that the body of French opinion was likely to 

firm. 

^ Cf. Kekul 4 Lehrbfick, i. p. 79, 

® Berzelius-Wohler, Brlefwechsel, ii. p. 163. 
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exert a po|verful if merely temporary influence on scientific 
thought. He had approached the question in a candid spirit, 
had examined acetic and chloracetic acids to satisfy himself 
if in very deed their properties showed analogy ; had discovered 
they did not, and must now provide his kingdom, the chemical 
world, with formulse reconciling all the facts, old and new. 
Let us again consider Berzelius’ point of view : all substances, 
organic and inorganic, result from the combination of tw® 
units, the one electro-positive, the other electro-negative; these 
units, once positive or once negative, are always positive or 
negative, and the parts played by them are always antithetic. 

Acetic acid has the formula Qffs-O., its hydrate theTormula 

Qlf3.03.H.6. If this or other compound is exposed to the 
action of chlorine and chemical change occuffe, it can only be 
by the exchange of negative oxygen for negative chlorine, or 
by a general disruption o^ the compound, combination of 
chlorine as negative unit with another and positive, as hydrogen, 
carbon or hydrocarbon, and consequent production of a mole- 
cule self-sufficing, or one which combines further with a second 
molecule, resulting from the dualistic combination of residual 
atoms. So from acetic acid C4S3.O3.HO we obtain not 
C4ei3.Oj.HO, but Ca'^a + C2O3.HO, a compound then of 
oxalic acid and perchloride of carbon with water of hydration. 
But in 1842 Melsens ^ conclusively demonstrated a relation- 
ship between acetic, acid and its chlorinated derivative, by 
showing that an aqueous solution of the latter was converted 
into the former by the action of potassium amalgam. Berze- 
lius Was nothing daunted. For long had the basic properties 
of the alkaloids been ascribed, and seemingly with reasoS, to 
the presence of ammonia as such in their composition ; only 
eight years before had Mitscherlich shown how sulphuric acid 
retained its saturation capacity to the fuU even after combina- 
tion with benzoic acid— a fact only to remve graphic explana- 
tion by adopting the formula HS -1- BzS® for the body so 
obtained; and Liebig’s mandelic acid CiiHoOa -f C2HO3.HO, 

' Ann. Chun. Phys. (3), 10, 235. “ Berzelius, Lehrhuch, i. p.' 182. 
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a compound, therefore, of bitter almond oil and formic acid, 
was yet another case in point. There are, then, said Berzelius, 
substances produced by ‘‘ copulation,” to use Gerhardfs^ term; 
there are '^copulated” compounds containing an active com- 
ponent and a passive, the latter exerting but an insignificant 
influence on the properties of the whole. In the cases cited, 
the organic radical, the benzoic acid, and the almond oil are 
ithe “ copulse/’ the ammonia, the sulphuric, and the formic acids 
the active components. So acetic acid was oxalic copulated 
with a hydrocarbon, and it mattered little whether the hydro- 
carbon copula was converted ipto a carbon chloride or not, 
as long as the properties of the active component, oxalic acid, 
remained constant. Acetic acid being represented by the 
formula CJcfgO^ffO, chloracetic must be C2O.j.C203,H0. 

Here are more of Berzelius’ formulae : — 

Dichlor-ethyl-ether €41^303 + 2C4 Hb‘ 0-3 
Perchlor-ethyl-ether C4O3 + 5C2Q3 
Dichlor-acetic-ester^ 2 04^303 + C4H‘3ei‘3 
Dichlor-formic-ester 2C2HO3 + C2ff€f8 + 204^303 + 

** To make acetanilide,^ he no longer employed acetic acid 
and aniline, but he recopulated a copulated oxalic acid with a 
copulated ammonia.” And yet, while Berzelius was staking 
his all on the truth of his electro-chemical theory, doubling, 
trebling, and quadrupling formula witb none of his former 
sense of the cogency of simplicity, and directing operations 
from the desk rather than from the laboratory, he was, never- 
theless, accepting the very truth which made his principle 
untrue — ^he was accepting substitution in the copula. Berzelius 
was left to fight his battle alone, and it was a forlorn hope. 
Even Liebig had deserted him. Chlorine could take the place 
and play the part of manganese, why should it not do the 
same for hydrogen also ? And he had gone over to the side 
of Bamas* 

^ Blomstrand, Chmie dcr Jefztmt, p. 79. 

® Laurent, Chemical Method^ p. 204. 
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CHAPTER IX 

THE CONSTITUTION OB'' ACIDS AND THE DIFFER- 
ENTIATION OF THE TERMS ATOM, MOLECULE, 

AND EQUIVALENT • , 

Attachiment to Lavoisier’s dogma, experience, and his Berzelius’ 

electro-chemical theory prevented Berzelius’ accepting for ^cMs^and^ 

long any substance as an acid which was not an oxide. This salts. 

oxide, this acid, might combine with water ; it might combine 

with base, and here sometinaes in two proportions, producing 

bodies formulated H.S, MS-^, in the case of sulphuric 

acid, H.C, MC’, in the case of carbonic. Those were 

the neutral salts in which were combined one equivalent of 

base, M, and one equivalent of acid, S or C. If there were 

two equivalents of acid, the salt was acid ; if two of base, the 

salt was basic. Finally, the maintenance of some simple ratio 

between the number of oxygen atoms in base and in acid was 

the most important criterion of the correctness of formula for 

any particular member in any particular series, neutral, acid, 

or basic. But in i8i6 Berzelius found that the formulae for 

the neutral phosphates must be of the type MP, that the ratio 

between the number of oxygen atoms of base and adM^was 

here not simple. The phosphates, and the arsenates too, were 

then exceptions to his oxygen law and to his law of neutrality. 

Again, in 1826, when Berzelius introduced the conception of 
sesquioxides, he was compelled to such formulse as M^S^j 
to an admission of neutrality not necessarily depending 
on acid and base being present in equivalent proportions. 

Yet most salts did obey both the oxygen law and Ja'j^ of 
equivalents. 
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Just as Berzelius was led to an unreserved gelieralization 
from his theory of electro-chemical reaction, so Davy, moved 
by his recognition of the elementary nature of chlorine, came 
in i8io to consider acids and salts, haloid or amphid, as 
constituted similarly, depending respectively on their hydrogen 
or metallic constituent for acidic or saline character. He had 
%md that the oxide of iodine was by no means acidic till it 
had combined with water, that the reactive character of 
muriatic acid and its salts was in nowise altered by the addition 
of oxygen. In his opinion division of this oxygen between 
metal and chlorine, as Berzelius' '’theoiy demanded, seemed 
uncalled for. Davy did not, however, regard acids and salts 
as composed binarily of hydrogen or metal on the one hand, 
and electro-negaitive radical on the other ; rather that chlorine, 
oxidized iodine, the compound of sulphur and oxygen, were of 
such a nature that, combined with hydrogen ternarily, they 
produced an acid. Dulong's examination of oxalic acid in 
1815 had brought him to regard this substance as composed 
of carbonic acid and hydrogen, and, being acquainted with 
Davy’s views, to see then in hydrogen alone the acidifying 
element. Yet, inherently reasonable as seemed this hydracid 
theory of Davy and Dulong, and respected as it was, for both 
sponsors had great names, it did not become popular. To the 
electro-chemical school, for years the only school, an electro- 
chemical antithesis between water and acid, base and acid, 
was so obvious, and so many anhydrous acids were objects of 
everyday examination, that no end at all, unless one purely 
schematic, was served by postulating such radicals as were 
Gom^ii'fed with hydrogen on the Davy-Dulong system. 

In 1833, when the reasoning power of his logical mind was 
at its very zenith, Berzelius was not going to maintain 'that 
acid and oxide did as such exist in salts ; that the great end 
might not be equally served by regarding selenate of tin as 
Sn + Se04, SnO + SeOg, Sn02 + SeOg, or SnSe + 4O, provided 
one remained constant to a single type. He made the reserva- 
tion, however, that such cases as the isomerism of the selenite 
of stannic oxide and selenate of stannous oxide must find voice 
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in correlated formnlce. Yet so many salts were producible by 
the combination of a known oxide with a known so-called 
acid, that td'lesser minds such doubts seemed superfluous. A 
neutral salt is one composed of an equivalent of acid and an 
equivalent of base ; do let us be consistent and write, there- 
fore, aluminium oxide A 1 -f O and phosphoric acid P +■ aJO ! * 

Such was the attitude of Gay Lussac and Gmelin, 

Thomas Graham^ was born in Glasgow in 1805. Hfs Graham, 
father was a manufacturer of sufficient means to give the boy 
a good education, and at the age of fourteen young Graham 
was sent to his native uni\^rsity; he graduated five years 
later. In Glasgow there was a public laboratory, the first 
to have been instituted for the purpose of general instruction 
in Great Britain ; and it was at the feet# of its founder, 

Dr. Thomas Thomson, that Graham learnt the elements of 
chemistry. Thomson was a confirmed atomist and a great 
teacher, and his influence is easily traceable in the issues of 
his pupiFs life-work. Graham’s father had decided that his 
son should enter the ministry ; but the boy knew himself better ; 
he would employ his life in solving some of those problems 
old Thomson had suggested. His mother stood by him, and 
he went to Edinburgh to learn more of the science he had at 
heart. 

In 1829 Graham was appointed lecturer in chemistry to 
the Glasgow Mechanics’ Institute, and the year following he 
accepted the similar post at Anderson’s College. He had 
now a laboratory at his disposal, j)00rly furnished perhaps, but 
sufficient to allow his watching gases diffuse and plmsphoric 
acid dehydrate. And seven years later he was in Lmidon, 
Professor of Chemistry at its newly founded university. He 
had not been in London long — only four years — when he was 
made president, first president, of a new society in the creation 
of which he had been very strenuous, the Chemical Society of 
London. Such work as Graham’s demanded recognition, and 
in 1854 he was made Master of the Mint. And now for six 



years his voice was silent : Graham was conscientiotis, and he 
was Master of the Mint; conscience multiplied the duties of 
ofSce, the tenor of his past life and character of his mind made 
them onerous. But from i860 onwards — he died in 1869 — 
he again found leisure, leisure to devote himself to his beloved 
science ; and with lively mind preying on feeble body, he lived 
out a life to be honoured always and by all who would honour 
clpSlnical science. 

A very real interest in the structure of the oxyacids was 
Se^pho^- quickened in 1833 by Graham's paper ^ on the phosphates 
phates and and arsenates. The modification in properties which common 
arsenates. p];iosphate of soda undergoes on strongly heating had been 
described by Clark in 1828, and it was this modification which 
spurred Graham ^lO his task. His facts were these : the bi- 
or superphosphate of soda is associated with four atoms of 
water, two only of which are lost at the temperature 212°, a 
third not till the temperature is raised to 400®, when a substance 
remains differing from the original phosphate in giving a white 
and granular precipitate with silver nitrate, containing two 
atoms of silver oxide to one double atom of phosphoric acid. 
On heating the pyrophosphate of soda so obtained to redness 
the last atom of water is lost, and a salt is obtained, readily 
yielding a solution with water which gives a gelatinous pre- 
cipitate with silver nitrate and coagulates albumen; and this 
metaphosphate, heated to 400®, reproduces Ahe pyrophosphate 
from which it was obtained, but only when water is also present. 
Whatever be the modification of phosphoric acid we choose, 
if it is fii^d with soda or its carbonate, we shall obtain a meta-, 
^yro-,^r ordinary phosphate according as we employ one, two, 
or three proportions of the alkali. Conversely, however much 
heated, the sub-phosphate of soda will not yield a pyrophos- 
phate, nor the common phosphate a metaphosphate. 

Graham could meet these facts with only one theory — ^the 
theory that water acting simultaneously and concurrently with 
soda was present as a constitutional asset in the atom of the 
^ Trans., 1833, p, 253. 
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phosphate 'and pyrophosphate. He therefore wrote the follow- 
ing formtil^ : — 

Superphosphate of soda, NaffP+H^; the yellow precipitate 
of silver phosphate, Ag®P ; phosphoric acid, H®P. 

Pyrophosphate of soda, NaHP; the white and granular 
silver pyrophosphate, Ag^P* pyrophosphoric acid,^^P. 

Metaphosphate of soda, NaP; gelatinous silver metaplicJs- 
phate, AgP j metaphosphoric acid, HP. 

Here, then, was ratification of the dualistic conception, 
seeming destruction to a belief in the anhydrous acid, and 
great discomfiture to the few upholders of the hydracid school ; 
for, as Dumas pointed out in 1836, it was suMy unreasonable, 
in view of the ready convertibility of one acid into the other, 
to postulate the existence of three new radicals FOg, FO7, FOg, 
to suit the formulas H3p08,*H2F07, and fiPOg. 

During the next year, 1838, JDumas met Liebig, and was Liebig and 
converted to a belief in the radical theory. The two decided 2 nin?t^ 
to join forces and solve the problem of organic constitution by citrates, 
discovering the proximate constituents or radicals of organic 
compounds. Graham's work had made a lasting impression 
on Liebig's mind, and suggested problems which were a great 
incentive to this conjunction. But Liebig and Dumas were not 
a pair to run easily in double harness. The one paper, how- 
ever, which appeared immediately under their joint names, was 
important enough, for it went to show that citrk acid in its 
behaviour towards a base was very similar to hydrat;gd phos- 
phoric acid. In fact, the effect of heat on its crystallm^ salts 
was not at all consistent with Berzelius' formula 3(C4H40ii + 

MeO), for they lost water at a temperature of 190° without 
undergoing modification in any particular which would suggest 
constitutional change; such citrates must then be written 
(CiaHioOnsMeO) + H3O. A neutral salt by the union of three 
atoms of base with one of acid 1 “ Unthinkable," said Berzelius.^ 

1 Berzelius-Liebig, Brief wechseh p. 158. 
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TRis dehydrated body must be 2(041X404 + MeO) + (C4H2O34- 
MeO). But Liebig was not to be denied, and in 1838 appeared 
his classic work, On the Constitution of Organic Acids.” ^ 
Xiebigon Liebig had found that the meconic acid of opium gave 
^itutiSi precipitates with silver nitrate whose composition, varying with 
of organic the conditions of the experiment, might respectively be ex- 
acidsC pressed Ci4H20ii.3Ag0, and Ci4H40i2.2Ag0. Comparison 
wi^^S^e formula of the acid itself C^HsOm discovered that 
combination with one or several atoms of base implied elimi- 
nation of one or several atoms of water. After persistent boil- 
ing with concentrated hydrochlorig acid, meconic acid yielded 
another substance, comenic acid, which also combined with 
silver oxide to form two salts, Ci2H408.2Ag0 and CiaHgOg.AgO ; 
and both meconic and comenic acids on distillation pro- 
duced a pyrocomenic acid, capable of combining with one 
proportion of silver oxide only, to form a body CioH606.AgO. 
Analogous results he obtained witb cyanuric and citric acid. 
Let us compare, then, said Liebig, the formulae which Graham 
has suggested for the three phosphoric acids, which, after 
all, are merely expressions of experimental fact, with those 
suggested by these later experiments. We have — 

Phosphoric acid P2O5 + sAq. 

Pyrophosphoric acid PaOs + 2Aq. 

Metaphosphoric acid ... ... P2O5 + Aq. 

CyjOs + sAq. 

CyeOg + 2Aq. 

CyeOg -f* Aq. 

C14H2O4 + 3^^* 
C12XX4O8 “f* 2Aq. 
CioHgOg + Aq. 

Citric acid CigHioOn + sAq. 

First pyrocitric acid CioHgOg + 2Aq, 

Second pyrocitric acid ... CSH4O6 + Aq. 

p 

Ann, der Fharm,^ 26. 
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Cyanuric acid ... 
Fulminic acid 
Cyanic acid ... 

' 

Meconic acid ... 
Comenic acid 
Pyromeconic acid 



There can be no question of dividing the electro-negative 
component by three or two, and so offering an atom of 
acid which does combine with one atom of water or base, 
for even where this is possible atomically, the existence 

of such salts as CyGOj|^^|^ makes it unreasonable. Yet on 6 

cannot suggest that the mere abstraction of one or two atoms 
of water from phosphoric acid can so modify its propemSsi as 
we see them modified in pyro- or meta-phosphoric acid. Phos- 
phoric acid, indeed, is a crucial instance, and whatever theory 
we adopt to explain its ctiiious metamorphoses we must apply 
to all other acids equally, be they tri-, di-, or mono-basic — such 
were the adjectives by which Liebig differentiated the acids 
which formed salts with separation of thjee, two, and one 
atom of water respectively. What are the facts ? An acid, on 
heating, loses water, and simultaneously saturation capacity ; 
why ? The acid so formed does not take up water on solution 
and so regain its saturation capacity ; why ? The anhydrous 
acids do not combine with bas^, yet they do so after these 
have combined with water ; why ? Silver oxide is less electro- 
positive than potassium or sodium oxides, yet it always re- 
places three atoms of water in phosphoric acid which the others 
do not; why? It may appear a consigning of the whole 
science to topsy-turvydom, but one must allow that the 
hydracid theory of Davy alone meets the facts. The hydracid 
theory has, indedd, already been admitted for sulphocyanic 
acid, and its formula written Cy2S2H2 — ^how otherwise could 
one have understood the sej^aration of lead^Erom a body 
CyS.PbS by sulphuretted hydrogen? — ^yet has beei?*Ssijied ir^, 
writing the analogous cyanic acid CyO.HaO, And tonsider 
the series of acids — 

CI2 + 

CI2O2 + H2 
CI2O4 + Hs 
CI3O6 + Ha 
CI2O8 + H2 
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all of which exhibit identical saturation capacity. It matters 
not whether a base is offered to any oxy- or haloid-acid; in 
either case water is separated. Who is to say that in one case 
the water is merely separated, in the other is first formed by 
combination ? Indeed, it cannot longer be doubted that satura- 
tion capacity depends on hydrogen alone, that it has no rela- 
tion whatever to the character of the acid radical Let us, 
thenT'^te the phosphoric acids PaOg 4 - Hg, P2O7 4* H4, and 
PgOg + Hg respectively ; the acids of the cyanuric group, 
CyeOg + Hg, Cy404 + H4, and CygOg -f Ha ; of the meconic, 
C14H2O14 + Hg, C12H4O10 + H4, CieHgOg + Ha ; of the citric, 
Ca2HioOi4 + Hg, CioHsOg + H4, and C5H4O7 + Hg respectively. 
Here is a conception which, in any case, brings us nearer the 
unification of our science. Is it just? Who can say? “It 
is through darkness that one journeys to the light.” 

A know- If it was work more especially ili the domain of organic 
^ chemistry which first defined and ratified the previous vague 

city^^nd impression of that something" we now call polybasicity, it was 
the differ- province of organic compounds that a paramount 

of atom, need for the differentiation of those all so important terms 
molecule, atom, molecule, and equivalent was first discovered. That 
vaknt'&st should have been so in the first case we are not surprised, 
attained remembering how entirely the whole science of inorganic 
th^^udy ^^®™stry was involved in a certainty of the dualistic con- 
of organic stitution of salts, a certainty impressed by Berzelius, a master 
chemistry, of his subject^atering for all the philosophic needs of his less 
endowed scientific brethren. Nor should we be surprised ia 
secj;??^ case. It had mattered little, where no reference 
was made to the unit as impelling and governing combination^ 
whether this unit was taken as present in a particular com- 
pound singly, or in groups of two, three, or four. If one was 
considering organic compounds, one might take 12 or 6 or 
3 as the combining unit of carbon indifferently; all one 
wanted was some unit in terms of which to formulate, and 
all attempts at classification previously made, though quite 
local, had been to themselves consistent and so far satisfactory. 

172 



What was becoming, however, a very real need through the 
daily additions to the already swollen list of organic com- 
pounds was some general principle by which to select the 
right multiple of the empirical formula, that each inquirer, using 
what atomic or equivalent values he would,' might classify more 
generally and with reasonable security. It was only the feef- 
ing of the vastness of his subject and the necessity for the 
co-operation of all working in absolute unison, thaWVng.de 
Laurent^ say in 1853, “It is necessary that the proportional 
numbers of the simple bodies should be fixed for a period 
at least of ten, twenty, or^thirty years, and that all chemists 
should employ these numbers.” Yet an international meeting 
called to Karlsruhe seven years later, with the special object 
of so fixing these numbers, could agree on but one point, that 
each investigator must have complete freedom in this matter 
of formulation. However, nine years before Laurent made 
his modest demand, Gerhacdt had supplied the general principle 
needed for a consistent though personal formulation, and recog- 
nition of this principle had brought Laurent to our present-day 
conceptions of atom, molecule, and equivalent. The recogni- 
tion and exercise of this principle — the referring of all formulae 
to the relative weights of two volumes of their vaporized 
correlate — makes Gerhardt responsible for one of the great 
stages by which organic chemistry had advanced. 

When Gerhardt began his work, there were three systems Chemical 
of chemical equlwlents; the first, that favoured in Germany 
and England, whose chief exponent was Gmelin ; the second, to Ger- 
that of Berzelius; the third, whose home wa’^^rance, and hardt 
whose chief patrons were Dumas and Laurent, lih^elatioi^ 

^hip between the three will appear on examination of"ti!e 
^mlues — 

* Chemical Method^ p. 7, 
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The difference between the numbers of Berzelius and 
Gmelin is more apparent than real; and indeed the latter 
would have regarded them as identical, allowing the bar which 
Berzelius had introduced to suggest combination by double 
atoms, by equivalents, to have no meaning. The values given 
by Dumas and Laurent allowed of a leal equivalent notation; 
the value 3 for barbon resulted from acquiescence in Gay 
Lussac’s belief that equal volumes of carbon vapour and 
oxygen combined to form carbonic acid. It must be care- 
fully borne in mind that, though Berzelius, and many chemists 
with him, regarded those weights of the gaseous elements 
which occupy equal volumes as the atomic or equivalent 
weights, the same by no means followed for the atomic weights 
of their several compounds ; it was only necessary here that 
there should be a simple ratio between the volumes occu- 
pied, As a matter of fact, however, the atomic formulae of 
inorganic compounds — water, carbonic acid, the oxides of 
sulphur, for example — did represent the weights present in 
equal volumes of their vapours; they might all be taken as 
representingKwo volumes. But this was by no means so fpr 
organic bodies. 

Gerhardt - In 1841 very little doubt existed that, certainly in the case^ 
of organic acids, an accurate atomic formula had beorJ 

coahonic arrived at. Such, in the case of acetic and salicylic acids, were 
acid and those which represented the hydrated acids as containing one 
atom of water, C4ff303.H0 and Ci4lf506.H0 respectively^ 
which symbolized the weights present in four volumes of their 
vapours, the formulae CO2 and HO representing two volumes. 
But Gerhardt discovered that when these two substances, 



acetic and salicylic acid, were heated with soda limej with the 
production, of methyl hydride and carbolic acid respectively, 
there was also produced, from four volumes of the acids, 
carbonic acid^ which would occupy four volumes ; that, indeed, 
whenever carbonic acid was produced by decomposition of an^ 
organic compound, it was always in quantities represented by 
four volumes or some multiple of four volumes. When water, 
too, was eliminated, Gerhardt always found quantities**corte- 
sponding to four volumes, or some multiple of four volumes, 
as was also the case with hydrochloric acid and ammonia. 
Using Dumas’ and Lament’s equivalents then, the atoms of 
carbonic acid, water, hydrochloric acid, and ammonia were to 
be symbolized thus, QO4, H4O3, H3CI2, NaHg; for it were 
absurd to suppose that if quantities represented by C2O2, HgO, 
HCl, and NHg existed, they would never liave been evolved 
in the multifarious operations he had conducted. Yet these 
latter formulae were thost which in very deed did express 
those quantities evolved on the decomposition of a compound 
inorganic atom. The fact was? as Gerhardt pointed out, 
chemists had been using two different schemes of equivalents for 
the atoms of organic and inorganic compounds ; the formulae 
of the first had been based on the hypothesis that O = 16, 
of the second that 0 = 8, and so identical formulae had been 
ascribed to the carbonic acid and water from both organic and 
inorganic compounds. But that the oxygen of organic and of 
inorganic compoursds should possess different atomic values 
outraged common sense. The only possible thin^ to do was to 
'lij^^ept a four-volume standard fdr the atoms of inb^nic com- 
pounds also, and write carbonic acid and water C4O4 a 334 H40^ 
a two-volume standard for the organic atoms, suad wfite 
and HgO. It was the pernicious theory of dualism that 
was at the bottom of the difficulty, the necessity of accepting 
formulae for acetic and salicylic acids, for example, which 
implied the presence in them of an atom of water. Yet if an 
atom of water, representing four volumes of its vapour, was 
to be formulated H4O2, how could an atom of aqgtic acid, 
similarly representing four volumes, be formulated C4H6OS.H2O, 
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as analysis demanded? Gerhardt chose the two-volume 
standard, writing therefore water H2O. He had xogent sim- 
plicity on his side; moreover, the sums of the densities of 
the elements present in compounds were severally the double 
^ of the molecular weights based on his assumption. 

Gerhardt's The ratio i : 16 between the equivalent, atom, or volume 
valentr^” weight of hydrogen and oxygen,— Gerhardt regarded all these 
tcrno as synonymous, — ^which the formula H2O demanded, 
was identical with that proclaimed by Berzelius, 0*5 : o*8, yet 
Gerhardt would allow nothing in common between the two 
systems. He never made it qmter clear why he doubled the 
atomic weights of hydrogen and oxygen rather than halve the 
atomic formulse of their respective compounds, preserving 
the old values; but it is likely he thought he was thereby 
dealing a blow at the barred formulae of Berzelius. Berzelius 
had written If as the real equivalent of hydrogen, but retained 
H as the expression of its atomic ^weight. Gerhardt took the 
value of S for the equivalent or atomic weight of hydrogen, 
writing it H, and discreditihg belief in potential subdivision. 
The equivalent weight 16 for oxygen was alone consistent with 
the presence of two atoms of that elemt.*it in carbonic acid ; but, 
on the other hand, there was no reason against multiplying the 
equivalent of carbon by two, and so making it equal 12, which 
would necessitate the formula CO2 for carbonic acid. The 
value 16 being given to the atom of oxygen, Gerhardt had now 
to make sulphur 32 and selenium 82, while the equivalents 
35-5, 8b, an^ 14 for chlorine, bromine, and nitrogen followed 
from the j^metric composition of their hydrogen compour^. 
^The ceu^ounds which hydrogen and the m«^ls formed with 
other elements Gerhardt regarded as completely analog^^ 
those with oxygen must have the general formula R^O, amds 
and salts formulae differing only through the substitution of 
one, two^ or three atoms or equivalents of hydrogen, according 
as the acid was mono-, di-, or tri-basic, for one, two, or three 
atoms or equivalents of metal. The weights of the silver, 
potassii^, sodium, and other metallic atoms w^ consequently 
halved. One would thmk that this new system of Gerhardt 
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would liave found a warm welcome in France, the home of 
equivalent ig?«ights ; but it was not so. Gerhardt himself was 
inconsistent in allowing such formula as HgO, AgsO in an 
equivalent system; these should certainly have been written 
HO and AgO, as his seniors had long written them; and 
Gerhardt was too young to be allowed any latitude in 
consistency. 

There was probably but one man in France who really 
understood Gerhardt^ and he was Laurent Gerhardt had 
hitherto restricted himself Misapplying his two-volume theory 
to compounds alone ; Laurent went a step further, and showed 
that the same theory must apply equally to elements. If, 
as Gerhardt had shown in so many instance^ the number of 
atoms of hydrogen and chlorine— the one or other, or both 
together — ^present in a compound molecule was always a 
multiple of two, the same milst apply to the elementary atoms 
themselves ; the formula for hydrogen must be Hg, for chlorine 
CI2, symbolizing the weights present^in two volumes. Here, as 
Laurent allowed, was a resuscitation of the bygone theory of 
Ampbre. Gerhardfs atom, then, represented the smallest 
quantity of a simple body that could exist in a compound, 
while Laurent’s molecule was the smallest quantity that could 
be employed in chemical reaction, a quantity divisible by two 
through the act of combination. The volumetric relations of 
hydrogen to chlorine] and of the mixed gases to the hydro- 
chloric acid produced on their combination, thus fougd an easy 
■■'ciS^*3lanation in the equation H2 + 02 = 2HCI ; equa- 
tions, too, as N.2 -f 3H2 = 2NH8, 2H2 + 0 ^= 2H2O simiiarljj 
* followec^ and reconciled conflicting opinion, while the cause 
and '^aracter of the increased activity of substances in the 
so-called nascent state became at the same time apparent. 
Laurent ^ rebuked Gerhardt for speaking of atoms and equiva- 
lents as synonymous terms. Rightly he laid great stress on a 
true understanding of the meaning of chemical equivalence. 
Apart from the fallacy of admitting such formulae as H2CK Ag^O 
^ Laurent, Chemical Method^ p. 9, et seq, 
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into a system based on a real equivalent notation, thftre was 
the question of O = 8, S = i6, C = 3, being tq^en as the 
equivalent of H = i. If equivalence meant anything at all, 
surely it meant equivalence of function, and surely no one 
^ could speak of 8 parts of oxygen, 16 parts of sulphur, or 3 
parts of carbon as taking over the functions of i part of 
hydrogen. Those quantities of chlorine, bromine, or iodine 
whies' replaced one part of hydrogen without affecting the 
general properties of the compound might be regarded as 
indeed equivalent, and similarly those quantities of metal which 
replaced one part of hydrogen in an acid. Some elements— 
manganese, for example— must be taken as possessing three 
equivalents. 

Gerhardt’s, Laurent’s, both were voices as of those crying 
in the wilderness. To have accepted Gerhardt’s two- volume 
theory would have meant repudiation of the honoured ether 
theories of Dumas and Liebig. Laurent’s atoms, his molecules, 
his equivalents, his whole philosophy was so different from that 
of Berzelius, on whose name all men called, while his atomic 
system they decried. For many years yet the old system or 
want of system was the right system, the old formulae the right 
formulae. But slowly there came evidence from without that 
Gerhardt’s and Laurent’s formula were some of them, after all, 
right; then, that most were right ; finally, that all must be right. 
Yet in 1856, when Gerhardt published hi? Treatise, it was only 
in the theo^tical part of the work that he ventured to employ 
his new^^mic values. In' i860, at the Karlsruhe meetir^- 
„ p mnaa could Still maintain there were two chemistries, the one 
inorganic, the other organic, each with its own system of . 
notation. 



CHAPTER X 

GERHARDT’S UNITARY SYSTEM 
« 

There are, I believe, chemists who hold that the history of their 
science has merely academic interest, is a study to be relegated 
to the library of the amateur or superannuated master, has not, 
and cannot have, any value to the present-Say right-minded 
student of the living science. These only look forward, they 
have not time to look back^yard. To them the tale of progress 
is often the tale of unenlightened striving after truths which 
now appear axiomatic, the tale of wasted energy. Yet are 
these human. Many of them have interests to defend of 
vital importance to chemistry, and some will one day attain to 
that patronage which will allow of their doing lasting good or 
lasting harm to the science they have at heart, while others 
have already given up hope, pursued by hostile criticism, or 
broken by contemptuous neglect For younger men in par- 
ticular, for older men in particular, should the following 
paragraphs have value. They may give new life J:o the latter, 
and a sense of fresh opportunities to the former, 

Dmring the fourth decade of last century there raged^ 
bat!l?s4n the chemical world, whose outcome was the establish- 
ment of our science on that line along which it has so rapidly 
travelled up to the present, froto the elementary atom to its 
most complicated compound, A great combat it was with the 
united weight of established opinion on the one side, and but 
two devoted beings on the other, two whose comparative youth 
and impoverished means elicited only contempt from the many, 
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while their striking originality evoked passionate repression 
from the few who could comprehend its existenbe. Pitiful 
were the circumstances to which those rebellious young 
Frenchmen, Laurent and Gerhardt, were reduced by the short- 
y-sighted, and in some cases envious, harshness of their scientific 
overlords j heroic their steadfastness when, as often, with scarce 
a sou between them to furnish the weapons of laboratory 
demonstration, they continued to oppose their philosophic 
convictions to the onslaught of highly-placed prejudice; glorious 
their victory, though proclaimed only after the miserable death 
of the one and the material exhaustion of the other. It was 
the enfranchisement of youthful opinion they won. From 
thencefoith established opinion might sometimes be wrong, 
respectable authority might not always be right. Theirs was 
the spirit that wins great victories. With their experimental 
evidence contemptuously denied, their persons vilified, their 
intellects disdained, they continued to work content in the 
belief that truth must ultimately prevail. The Parisian coterie, 
and this included those honoured names Gay Lussac, Thenard, 
Chevreul, and Dumas, proved a stubborn step-mother ; but at 
last, when the very stranger cried shame, the elder of the two 
votaries, Gerhardt, was enabled to spend the last year of his 
life in receipt of a moderate competence. 

Auguste Laurent^ was bom at La Folie, near Langres, on 
November 14, 1807. He was early destmed to the parental 
occupation oS wine merchant^ but his loathing of the business 
routine, a 4 d his marked inclination towards scientific pursuits, 
4 §cided his father to send him to Paris to study in the School 
of Mines. After his two years there he was appointed chmist 
to the manufactory at Sbvres, the uncongenial duties of^wTich, 
however, soon drove him back to Paris to find independence 
in a garret. Here he received pupils and laid by a little 
money. But Laurent’s end was science, not self, so he dis- 
missed his school, and worked night and day till his savings 
were exiiausted. Then he reopened his laboratory, financed 

^ Cf. Col. Yorke, Quart, Jour. Chem, Soc..^ 7, pp. 149-157. 
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himsef^once more, and once more dismissed his students. He 
next accepted the position of chemist to a perfumer, which did 
not prevent him, however, being ready after two years with a 
theory of organic combination. This he -submitted to the 
Faculty of Science in 1837, and was made doctor. After, 
another year spent partly with the perfumer, and partly as 
chemist to a porcelain manufactory at Luxembourg, he was 
called to the chair of chemistry at Bordeaux. Eight y€lxs He 
remained there, ever contending with the limitations of his 
miserably furnished laboratory, and depressed by a sense of 
unrewarded merit, and by’‘a feeling of purposed banishment 
from the capital as a scientific revolutionary. Laurent had 
meanwhile become acquainted with Gerhardt The similarity 
of their views had soon caused this acquaintance to ripen into 
the most loyal and warm friendship. The thought of w’orking 
side by side with Gerhardt it was which brought Laurent, in 
1846, to Paris. But Paris’ did not want such firebrands as 
Laurent. Its scientific luminaries had been sufficiently dis- 
pleased at his originality even Before the association with 
Gerhardt Still, proprieties had to be observed, so after two 
years, two years of dismal poverty and heartbreaking dis- 
appointment, he, being amongst the most brilliant of European 
chemists, was made an assayer to the mint Here was bread 
and butter, though no laboratory. Though his means were 
slender, he yet could find something to fit up as a laboratory, 
a damp and unwholesome cellar in a corner of the mint, and 
energy there to utilize all the material he couM afford — his 
chlorine, his ammonia, his sulphuric acid and ]^sh; his 
water, alcohol, ether, and goniometer. He gave his mea^ 
he gave his life, for the demon of phthisis soon found him and 
slewl&n. Laurent died in 1853. His interment was indeed 
sad,'' wrote Gerhardt; ‘‘twenty or thirty people only, and not 
a word on his tomb." 

Just as the name of Liebig is indissolubly connected with 
that of Wohler, so is that of Laurent with Gerhardt. “ The great 
figure of Gerhardt," wrote Wurtz, “ must not be separated from 
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that of Laurent j their work was collective, their talertls com- 
plementary, their influence reciprocal. Equally pUent in the 
vigour and profundity of their conceptions, the one (Laurent) 
exhibited unparalleled skill in the art of experiment, while the 
other shone pre-eminent through his method, the extraordinary 
appositeness of his views, and, above all, the compelling clear- 
ness of his exposition.” 

Qlarles Frederic Gerhardt^ was born at Strasburg in i8i6. 
Destined, like Laurent, to a business career, his soul early 
rebelled. He had been sent to Leipzig to learn business; 
instead, he had acquired an overpowering love for science. 
He strove to subordinate his heart’s desire to his father’s wishes, 
but in vain. He left his home, and at nineteen years enlisted 
in a cavalry regijjient. This life soon proved unbearable, and 
he was contemplating some headstrong action, when a German 
friend — it was Liebig — sent him money to purchase release. 
He was now able to seek his patron in Giessen, where he stayed 
eighteen months. In 1838 we find him in Paris, and three 
years later at Montpellier, "to the university of which he had 
been nominated as Professor of Chemistry. His ddbut in Pans 
had been most promising, but it was not long before a warning 
voice had come from Giessen as to the danger of stepping 
beyond the limits of experiment into the controversial land of 
theory, sacred to the comparatively old or very powerful. Like 
Laurent at Bordeaux, Gerhardt at Montpellier felt himself 
wasted. A miserably appointed laboratory, utterly uncongenial 
society, and sense of desired ostracism, brought him after 
seven yea?fs to throw up his appointment and risk a return to 
j^ris. Meanwhile, by his collaboration with Laurent in the 
publication of their Compes RenduSy Gerhardt’s popularity 
at home had certainly not increased, and for the seven years 
succeeding his return to Paris in 1848 he had to support him- 
self by conducting a school for practical chemistry. Gerhardt’s 
discovery of the acid anhydrides in 1852, and the success of 
his Traife de Chimie Organique^ which was almost, imme- 
diately 'translated into German and English, finally brought 

Cf. Gerhardt and Grimaux, Vie de Gerhardt, 
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him reward, and in the January of 1855 he was offered, and 
accepted, the double chair of chemistry and pharmacy in his 
native town of Strasburg. At last he had a well-furnished 
laboratory, an honorific position, and a competence. The 
next year he died. ‘‘ Yes, yes,” cried Gerhardt on his death- 
bed, in fifty years they will find I have done something. . . . 

I have advanced chemistry fifty years.” He was buried with 
all honour. Impulsive as was Gerhardt, his attitude under the 
grossest attacks was aesthetically faultless, though his devouring 
love of truth rendered him blind to the need for circumspection. 

It was long before his It is false ” changed to “ I hardly think 
it true.” His honour as a man of science was spotless ; his 
friendships warm and lasting. 

The reader is in possession of that allimportant part of The basis 
Gerhardt’s philosophy which gave him a constant standard by 
which to estimate the molejular magnitudes of those substances scheme of 
it was his life's aim to systematize. Yet if he would enter 
entirely into Gerhardt's mind, let |iim ever remember that the 
new chemistry was to be one cleared of all hypothesis or pre- 
conceived opinion, one with a language symptomatic of neither 
radicals nor dualism, but expressive rather of honest if crude 
empiricism. The anomaly^ of one substance, alcohol, having 
such different formulae as the QHg + H40a of Dumas, the 
(C2H6)0 of Berzelius, the C4H10O + HaO of Liebig, the 
C4H10O2 + Ha of Zqise and Mitscherlich, was to disappear before 
the one formula, the formula of the unitary system, CaHeO. 

In reading what follows, too, he.must keep befoffe his mind the 
fact that Gerhardt afid Laurent had a test of the legitimacy of 
their empirical formulae in the divisibility of the number 
hydrogen, chlorine, and nitrogen atoms — dyads, Laurent called 
them—by two. It was an empirical law, but one deserving of 
consideration, for ultimately it brought us a step nearer a sense 
of valency, and immediately it led to the correction of many 
formulae hitherto accepted; among others of butyric acid,^ 

^ Gerhardt, FrJcis de Chim, Org.^ p, lo. ^ 

® Cf. Kopp, Eniwkkelung der Chemie, pp. 734> 74* • 
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Gerhardt^s 
ladder of < 
combus- 
tion. 
Homo- 
logy. 


.written 08^5704, and glycocoll, CgfffltfaO; ; also to the refusal of 
others apparently self-evident, of CHg and C2HB /or the un- 
combined methyl and ethyl radicals. 

It was in 1841 ^ that Gerhardt entered on a research to 
discover some general law which might suggest an all-sufficing 
system of classification, and the following year he was ready 
with his ladder of combustion” — with its highest rung 
cerebrS matter, it lowest carbonic acid, water, and ammonia — 
to enfold the whole science of organic chemistry. He soon 
found, however, that this arrang^ent, according to mere 
complexity of composition/ was ^ no sufficient classification, 
so he betook himself to another line of enquiry. A note of 
triumph seems to ring through the following lines from the 
preface to his Prms de Chimie Orgafiique^ published in 1844 : 
‘‘I have succeeded in establishing homologous series. , , . 
These have indicated to me the n^ans of classifying organic 
substances in natural families, and of disposing them on a 
kind of combustion ladder.”^ As a matter of fact, it was only 
the word “homology” that Gerhardt could claim as his own. 
Two years earlier SchieH had shown that a very simple 
relation existed between the alcohols then known, that their 
radicals might all be represented by the general expression 
nR + H, R suggesting the group C2H2(C = 6); moreover, 
in the same year Dumas had demonstrated the existence of 
a similar relation between the several members of the fatty 
acids known to him. Yet the merit of generalizing from this 
fact of homoTbgy, of demonstrating the possibility, nay the 
necessity, of prophesying the existence of terms yet unknown 
iife^Jris series, their physical and chemical properties, is 
Gerhardt's alone. And so in 1848 Gerhardt could with 
decision take as a lower rung of his ladder the series ® — 

CH4O, CH2, CHA, CH4SO4, CHgCl; 

^ Viede Gerhardt^ p. 317. * p. 318. 

* P* 3^ * Cf. RekuM, Lehrluch-i i., 37 

^ Gerhardt, Introduction h, la Chimie^ p. 291. 
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as the next higher the series — 

QHi, CJIJO,, C,HeSO„ QH,CI; 
and at intervals the series — 

C5H12O, QHio, QH10O3, C 5 H^S 04 ,‘ QH,,C 1 , 

and — 

C1GH34O, C1QIT32J CiGHj202j C16H34SO4, CigH^iCl. 

The aromatic bodies, too, benzene and cumene, for 
example, had series related to them which took place in his 
all-containing combustion ladder. By no means few were the 
series of hydrocarbons, aldehydes, and acids which he could call 
homologous, and which he advanced in vindication of his system. 
Yet there were several notable lacunae, those to be filled by 
the substances CgHg, C7H14, CnHaa among fhe hydrocarbons, 
CeHiaO, CsHigO, CeHisO among the aldehydes, CisH^gOo among 
the acids. But, as Gerhaidt said, ‘‘ It suffices to know the 
chemical history of one single term in a homologous series to 
deduce a ^priori the history of all the rest.^' It was only when 
he came to the highest rungs of all, those formed by the 
proteid substances, fibrin, albumin, casein — “ the most complex 
of organic combinations ” — that he was unable to seriate with 
so nice a sense of propriety. He could only place them 
tentatively by the light of a knowledge of many well-known 
compounds produced by their putrefaction or oxidation. 
Refreshing it is to^read Gerhardfs writings. One feels the 
master mind, the mind with a real grip of essentials. Their 
immediate effect on his counCrymen may be judged by a 
perusal of the first few pages of Regnaulf s Fricis de Chimie 
Organique^ published in the very early fifties : their thGne 
is thie natural history of wood, cellulose, and starch. 

But we must leave Gerhardt a while to consider three series 
of investigations of all importance as offering experimental 
basis to the next advance of chemical theory. The investi- 
gations referred to are those of Hofmann and Wurtz on the 
. ^ Cf, Fteik Gerhardty p. 241. 
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compound ammonias, of Williamson on the constitution of 
the ethers, and of Frankland and Kolbe on the dOTHHon of 
the organic radicals. Here was work achieved which gave 
command to chemists over three of the most obstinate 
provinces within their ken j work carried through during the 
short space of four years, which alone would render enduringly 
famous the otherwise famous names of Hofmann and Wurtz, 
Williamson, Frankland and Kolbe. 

Wurtz and In 1849 Wurtz ^ made the discovery that on boiling the 

the com- ethereal salts of cyanic or cyamjric acid with potash, gases 
were evolved which, while possessing most of the properties 
of ammonia, were yet different from ammonia in that there 
was present in their molecule a considerable percentage of 
carbon. They wme, in fact, members of that fast accumulating 
group of substances called organic bases. Ten years earlier 
Liebig had concluded that amides— a class of bodies whose 
existence was first recognized after Dumas’ discovery of 
oxamide in 1830 — owed dheir specific properties to the 
presence in them of the radical NH3, and looked forward to 
the time when such a compound as H2N.C4Hg or Ad— Ae, 
certainly having the properties of ammonia, should become the 
possession of chemists. Berzelius saw in every organic base 
a particularly well-defined example of the copulation of passive 
hydrocarbon or anhydrous acid with active ammonia. Hof- 
mann, in 1848, was inclined to accept this explanation of the 
constitution c# aniline, but then he discovered that while some 
ammonium salts lost four atoms of hydrogen as water when 
treated with phosphorus pentoxide, the corresponding aniline 
salts were carbonized j it was unlikely, therefore, that the 
latter contained the group NH3.HO or any saline derivative. 
And now Wurtz’ new series of compound ammonias, each 
member of which behaved in a manner entirely analogous, 
and Hofmann’s ^ own discovery, that the same bodies might 
readily be obtained by treating ethyl bromide, etc., with 

■ > Ann. Chim. Pkys., 30 (1850), p. 443. 

® Ann, Chem, Pharm.^ 74, p. Il6. 
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aqueous or alcoholic ammonia, seemed to show clearly that 
these or|gnic bases did contain Liebig’s amide radical, and 
were produced by the simple exchange of one hydrogen atom 
of ammonia for the hydrocarbon radical of the bromide em- 
ployed. There was no reason to expect an elimination of ^ 
four hydrogen atoms from a body X.NH2.HO, or to demand 
a more complicated equation than X.Cl + H.HNo = 

X.NH2 + HCl, to explain his reaction. ^ • 

It was not in Liebig’s sense, however, that Hofmann Hofmann 
accepted the amide radical. If, as seemed to him probable, 


aniline was a body of the type 


N)H, there seemed every reason 
*X 


and tri- 

substitEted 

ammonias. 


H 


to suppose that other substances of the geneiial type NjX and 


rX 

n|x might be produced fr(?m the same ammonia. In turn he 

(x 

tried the effect of heating aniline with phenol and chlor-benzene. 
Failing in his design, he then heated aniline with ethyl bromide ; 
he thus obtained beautiful crystals of a substance with the 
formula CijHn.N.HBr, from which, by the action of potash, 
was separated a clear liquid with the composition CjeHuN, 
which formed a hydrochloride QeHu.N.HCl, which again with 
platinum chloride formed a double salt CiaHuN.HCLPICIa. 
Further addition of ethyl bromide to the base so produced 
resulted in the isolation of a body CajHij-lJ with again 
a chloride and again a platintun double salt. There could 
he little doubt that here were indeed the substances he 
(H fX CisHn 

sought of the types NjX and NjX respectively, viz. CiHsjN 


and Qh/In, and when, substituting amyl bromide for ethyl 

C4H5) 

bromide in the second reaction, he obtained a body |N, 

CioHji) 
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and again, and this time by the direct action of ammonia, 
the bases mono-, di-, and tri-ethylamine, each retainiD^ in their 
entirety the basic properties of ammonia and its power of 
forming a double platinum salt, all doubt vanished. And 
might one not now regard the body QHgP, recently discovered 
by Paul Thenard, as a tri-methyl phosphine 1 Whatever view 
was taken of the inner constitution of all these new substances, 
one tl^g was certain, and both Hofmann and Wurtz laid 
stress upon it, a homologous relationship obtained among 
them. 

William- At the time when Williamson^ published his theory of 
etherification there were three theories of the relationship 
ethers. between alcohol and ether prevalent ; the first that of Berzelius, 
who regarded these two substances as oxides of quite different 
radicals, (C4fi6)0 and C2H3O ; the second based on Dumas' 
etherin theory, that both were hydrates of the same radical 
etherin C4H4, formulated C4H4.H2O and 2C4H4.H2O respec- 
tively ; the third and most^popular that of Liebig, who con- 
ceived alcohol C4ff5.H20 as the hydrate of ether €4^50. 
Now Williamson found that if the body produced by the 
action of metallic potassium on alcohol were mixed with 
ethyl iodide, ordinary ether was produced. The reaction 
might be expressed by two equations irreconcilable with each 
other, but quite consistent respectively with the views of the 
constitution of alcohol and ether takerT by Berzelius and 
Liebig— ^ 

«*.}o + C,H;i=EI + g|;}0 

and — 

4- QHioI, = 2KI + 2QH10O. 

Whett, however, methyl iodide was substituted for ethyl 
iodide, a volatile substance was produced, which, on combus- 
tion in Liebig’s apparatus, proved to have the formula QHsO. 

^ Quart, Jour, Ckom, Soc,^ 1852. 
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There were traces neither of ether nor methyl oxide. It was 
easy, tKei.J:o choose between the following equations — 


CH3I + = KI + 

and — > 

QHela + }0 = 2KI + QHjoO + QHsO. 

Here was victory for Gerhardt^s two-volume theory ; for the 
C H ) PH) 

formula H C H represented two volumes 

of vapour; and indeed Williamson employed Laurent and 
Gerhardfs notation throughout his paper. The course of 
etherification, too, as ordinarily carried on, was now clear, and 
was denoted thus by Williamson : — * 


H 

H 

CA 


• H 

H 


H 

H 

« 


CA 


>S04 

>0 

>S04 

> 0 . 


The continuous formation and decomposition of the sulpho- 
vinic acid he was able to demonstrate by adding^ amyl alcohol 
towards the end of his experiment, and so obtaining sulpho- 
amylic acid. ^ 

Williamson laid great stress on the substitution of hydrogen The water- 
atoms by the ethyl radical. He took the water molecule as the 
type of all alcohols and ethers ; and though in this he showed 
no particular originality — ^for Laurent^ had taken precisely the 
same attitude in 1846, while later the American, Sterry Hunt, 
had shown how capable of development the idea was— he has 


^ Anu, Chim, Phys, 18, p. 266. 
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the merit of its physical demonstration and of suggesting the 
many other and more complicated substances who^e proximate 
composition is revealed by reference to this same water type. 

CoH O) 

Thus acetic acid might be written and on the 

analogy of the ether molecule one might even suspect the 

C H O) 

existence of a body with the formula As time 

passedT^Williamson became possessed by this idea of referring 
the constitution of substances to that of water. Certainly all 
inorganic compounds, and indeed ^the bulk of the best-known 
organic substances, thus received their suitable presentment. 
True, in some cases — those of the dibasic acids, for example — 
the typical substance had necessarily its formula doubled, 

sulphuric acid, being made akin to and in 

others replacement of the typical oxygen was deemed possible, 
as when ethylamine was produced^’ by the action of potash on 
ethyl cyanate, for instance— 

^^‘>>0 + 2 KHO = 

But in these exaggerations there were elements of truth which 
could not but exert a healthy influence on the subsequent 
development of chemical science. 

r. 

Frankland Years before, in 1834, when his head was full of his new 
radical theory, Liebig had foreseen the possibility of obtaining 
the free his radical C4H10 in the free state, and, mindful of Bunsen^s 

S)on ex5>eriments on cacodyl, he had even suggested the action of 

radicals, potassium on ethylic chloride or bromide as likely to produce 
the desired substance. This experiment had been tried four 
years later by Ldwig without success^ and interest in the 
question of free radicals had then waned. In 1848 Frankland^ 
and Kolbe, working in Bunsen^s laboratory at Marburg, and 
with L6^ig*s ill-success before their minds, investigated 

^ y*. C, I, p. 60 ; 2, p. 263. 
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action of potassium this time on ethyl cyanide.' In vain. 
There .certainly a gas evolved, but analysis showed it to 
be ethylic hydride with no trace of the free radical. The next 
year Frankland tried again. If, as experiment suggested, the 
equation aQHJ + = C2H4 + CaHe 4 - 2KI adequately re- 

presented the action of potassium on ethylic iodide, it might 
well be the violence of the reaction that caused disruption of 
free ethyl. Were a less positive metal — say zinc — chosen, th,e 
result/ might be very different. Experiment justified hif belief, 
and he so obtained specimens of pure ethyl and amyl. For 
the moment the nature pf Frankland’s reaction seemed 
obvious. He had before his* mind the proved constitution of 
ether, the progressive substitution of hydrogen atoms in 
ammonia by hydrocarbon radicals, Laurenfs convincing 
doctrine of the two-atom molecule of hydrogen. The truth 
of one of the following equations stood or fell with the truth 
of the others ; — 


2HI -f- Zn = ZnE + Hs, 

2(CHg)I -f Zn = Zn!^ -f (CR^ 

2(C5Hii)I -|- Zn = Znlo (CsHuja. 

Soon, however, he was seized with doubts. Here were no 
free radicals at all It was with the radical hydrogen, H, not 
with the compound molecule of hydrogen, Hg, that he must 
compare free methyj, ethyl, or amyl. If, again, free methyl 
possessed the composition (C2H3)2, how could he explain the 
production from it of bodies with the empirical formulae 
C4H5CI and C4H4CI2 on the successive addition of chlorine- 
bodies having clearly the constitution C2H3 + C2H2CI and 
2C2H2CI? On the other hand, the hydrocarbons C2H4, C4b6, 
admittedly occupying two volumes in a state of vapour, readily 
yielded the products C3H3CI and C4H5CI, likewise occupying 
two volumes. Frankland, and with him Kolbe, felt them- 
selves committed to this — that there were two quite distinct 
homologous series of hydrocarbons isomeric with each 
other, viz. — ^ 



Gerjiaidt’s 
theory of 
residues. 


Methyl, C2H33 methyl hydride, C2H3H. 

Ethyl, C4H5 ; ethyl hydride, C4H5H. " , 

Propyl, CgHy ; propyl hydride, C6H7H. 

Butyl, CsHg ; butyl hydride, CsHgH. 

Amyl, CioHu ; amyl hydride, CioHnH. 

Seldom have we found in the history of chemistry the domi- 
Aance of one idea productive of such reasonable perverse 
reasoning. Frankland's reversion, on second thoughts, to 
equivalent formula is interesting, 

r 

The idea of accepting empirical formulae as the limit to 
philosophic investigation was not originally Gerhardfs, for 
Baudrimont,^ in 1838, had boldly stated that a compound in 
its last state of ^division must be regarded as a complex of 
atoms bound each to all and all to each. As we have seen, it 
was in accordance with this principle that Gerhardt had com- 
posed his combustion ladder. But Gerhardt was too broad- 
minded a student to be ridden by a principle which, after all, 
might only be of the nature of an expedient; and sworn foe as 
he was of the radical, he could not but admit that certain 
groups of atoms did continually recur in chemical sub- 
stances. He found reconciliation between his principle and 
experience in his theory of residues. All chemical change 
being the result of a double decomposition, there must remain, 
say, on the elimination of water through th^ action of benzene ^ 
on nitric acid, that part of the benzene molecule, which was 
hitherto combined with the hydrogen of the water, and that 
part of the nitric acid hitherto combined with the oxygen. It 
wa« these two remainders, “residues,*’ which combined to 
form nitrobenzene. So — 

residue product eliminated residue 

CM4 Ha b 0® 

I ^ ^ 

benzene nitric acid 

' Gerlmrdt, Fricis de Chim^ p, 10. * Ibtd.^ p. 65. 
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Here were two factS; and the one implied the other, comhina-* 
tion through double decomposition and the affinity of residues ; 
ythese facts and the occurrence of substitution, when one 
^element was not only replaced but had its -functions fulfilled 
\y another element, Gerhardt came to regard as the founda- , 
tions of organic chemistry. 

To express a combination of residues Gerhardt employed Gerhardt's 
the term copulation, not at all, however, in the sense in whiCh 
he hid used it in 1839. His copulse were now his residues, 
h^wpulated compounds such as were formed from two others 
mth elimination of water. ‘iln 1853 he introdflced the idea 
pf copulated radicals — ^he afterwards called them conjugated 
radicals — radicals formed from simpler residues, which were 
his earlier copulse and now his constituent radicals, radicals 
capable of forming compounds analogous to those of simpler 
residues, such complexes, for example, as CsHg-SOg and 
QH4(N03)0. • 

The discoveries of Williamson, Frankland, Kolbe, Wurtz, The 

and Hofmann only made Gerhardt the more certain of his 

having rightly conceived the meaning of double decomposition, covers all 

of residual reaction. He was therefore quite in a position to contem- 

, - . , . . . ^ , poraiy dis- 

grasp the facts and their mner meaning, more so, indeed, than covery. 

their authors, with their attention focussed on the one particular Gerhardt 
series that had come under their notice. The unitary system^, 
of which he felt himself the author, was sufficiently compre- anho- 
hensive for all. Under this system all substances were pJodticS^ 
considered as molecular entities, in which th% atoms were his 
disposed in a determined order, *an order, however, only indi- 
c^ted relatively by their chemical metamorphoses. Formulse 
could indeed give the sense of only one or two reactions, ne^er 
the true image of molecular constitution. And in this sense 
Gerhardt gladly accepted Williamsoffis view of the constitu- 
tion of alcohol and ether; ether was really a product of 
the decomposition of alcohol, and the relation between the 

two was adequately expressed by their formulae and 

^ Cf. Fte de Gerhardt^ p. 362. 
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He himself now wrote ^q ^>0 as the fprmula 

C H O'! 

for Deville’s nitric anhydride, and suitablyN 

formulating the hypothetical anhydride of benzoic acid. IrU' 
agine his delight when, in 1852, after heating equivalent 
quantities of benzoyl chloride and potassium benzoate, he 
obtained a beautifully crystallized body, which with water 
produced benzoic acid, with alcohol ethyl benzoate,! with 
ammonia benzamide, and which could then only have this^ry 

TT f)\ ^ 

formula q ’ Liebig’s^ cordment on this is instructiv^'. 

“ The discovery of the anhydrides of organic acids is one d 5 
the most brilliant that has been made of late. It is strange 
that the two theories [the unitary and the radical] hitherto 
opposed should have led to one which explains all the 
phenomena in their two senses.^’ ^Williamson speaks of a new 
day having dawned on the constitution of acids and salts, and 
one thinks of old Berzelius’ comment on the birth of benzoyl. 
Even in France Gerhardt found tardy recognition, and was 
offered the completion of the French edition of Berzelius’ 
text-book. But Berzelius edited by Gerhardt! The thing 
was impossible, so there came into being the Trat^e de Ckimie 
Organique, But it was only in the fourth and final volume of 
his great work that Gerhardt pronounced his views in their 
final development. When asked why,^ in his first three 
volumes he had retained the equivalents of Gmelin with the 
barred symbols of Berzelius, he had laughingly answered, 

“ otherwise no one would have bought my book.” Through- 
out, however, the new light which had fallen upon him 
illuminates its pages. He had discovered a constant basis 
for the stt)division, into four classes, of each group of each 
homologous series that formed the successive rungs of his 
combustion ladder of 3:848, classes differentiated by marked 
chemical dissimilarity, and with each a prototype in the 
inorgani^i world. His acetic series® included eight groups, 

^ Cf. Vie de Gerhardt^ p. 403. ® (Gerhardt, Traitide CAim,^ Org, i. p. 5*52 > 
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the first of which — the group methylic — was composed of the 
following among others : — 


Volume I 


Volume IV 


Methylene Csffa 

Methyl 

Methylpiydrate €2^403 
M^?I^ sulphydrate C2H4S2 
hMhyl chloride CgHaCt 

Methyl ammonia CgJfs?? 
Methyl phosphide Cq^qT 


/Me 

\Me 

/MeO 

\ffO 

/MeS 

/%e 

\a 

[Me ■ 
H 

^Me 
Me 
! Me 


Type 

HJ 

HOI 

HO/ 


e/ 
^ I 

p- — 


Me\ 

Cl / 
Me I 

H In 

*Me I 
Me JP 
Me) 


Type 


Hi 


H) 

Cl/ 

H) N 
H 


These are but a few of the compounds enumerated in the 
methyl group ; all, however, fall under one or other of the 
types — 



I. 


II. 


III. 
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■If or HJNj 


or 

h) 
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1 HOJ 

hJ 

HJ 

HJ 
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ClJ 


types which, to use his word, must be regarded as the “ jalon” 
of the series. In Gerhardf s opinipn all future speculation was 
bound up in a complete understanding of these series, the 
ordering and furnishing of which could only come, howeveir, 
with a determining of the laws according to which the 
properties of a given type are altered through substitution of 
some of its elements by other elements or groups of elements. 
It will be remembered how Williamson, in his desire to 
discover all matter as built on his water type, had at times 
employed a reduplicated water molecule as the motl^pr sub- 

stance. So he had written sulphuric acid ;g[2/Ol Gerhardt 
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saw the value of this formulation, how clearly it differentiated 
between mono- and di-basic acids, and added, as '^the suitable 
general expression of a tribasic acid, the triple water typ^ 
He already knew that basicity depended on the number o{^ 
hydrogen atoms replaceable in an acid; but that these op-i, 
two, or three hydrogen atoms were held together in the acid, 
he now saw to depend on the presence of some radical, for 
^hich Jie proposed the adjectives mono-, di-, or tri-atomic, 
according as it held bound one, two, or three of these hydro- 
gen atoms. 

And her^ we are at the zenith of Gerhardf s philosophy ; 
we see how it was Gerhardfs mind which made general 
fertile the brilliant yet isolated discoveries of Williamson, 
Hofmann, and Wurtz, his mind which could grasp the inter- 
relation of their several interpretations of facts and bring 
together into one comprehensive scheme all the multitudinous 
substances of inorganic and organic nature, known or ever to 
be known. As this theory of types stood at Gerhardfs death, 
so it stands to-day, though disembarrassed of that suspicion 
which must always attend the inception of an all-embracing 
generalization. While one sorrows over Gerhardt's untimely 
death, one yet feels that his life’s work was done. His system 
of chemistry was as perfect as could be any system based 
otherwise than on an appreciation of the interplay of the 
individual atoms ; and with his unimaginative and somewhat 
pragmatical mind it seems improbable that he could ever have 
come to regard the atom as anything other than a mere 
number, that he could ever have conceived it as a physical 
entity with activities discernible by the human mind, I believe 
tfiat Gerhardt brought a greater intellect to bear on chemical 
research than any of his contemporaries, save Berzelius, that 
both did accomplish their greatest, and that the fair fame of 
the former was only fortunate in being spared the shadow 
which post-meridian activity must always throw on the 
reputation of an experimental philosopher. 



CHAPTER XI 


VAl^iNCY, THE CHEMICAL NATURE OF CARBON, AND 
THE CONSTITUTION OF ORGANIC COMPOUNDS 

JIe have now arrived at times of real prosperity for chemical 
science, times when laboratories were erected in each of the 
more prosperous centres of Western European life, laboratories 
whose doors were opened to any who desired to work. Among 
the ever-increasing number of enthusiasts whose heads and 
hands contributed to the mS-king of the present-day chemistry, 
we will speak more intimately of those whose work marked 
out the line of advance by enridhing the science with new 
general truths and ideals. The pure chemists of the latest 
epoch to whom organic chemistry owes most are Erankland, 
Kolbe, and Kekuld. 

Edward Erankland^ was born at Churchtown, near Lan- 
caster, in 1825. He very early showed signs of intelligent and 
practical interest in natural phenomena, and his parents were 
desirous of his pursuing the medical profession. After con- 
sulting ways and means, however, they found that the only 
road open was through the druggist’s shop, so for five years 
the boy was consigned to the care of a local tradesman, from 
whom he learnt the finesse of the mortar, and a facility in 
making parcels. Then his enfranchisement came, for his 
quick intelligence had aroused interest in certain local mag- 
nates, who brought about his entrance to Playfair’s laboratory 
in London. Here he met Hermann Kolbe, with whom he 

* Cf. Sketches from the Life of Sir Edward Frankland, 
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• travelled to Marburg in 1847, to work in Bunsen^s laboratory. 
These were the days when Liebig was attracting ^11 to 
Giessen, and there went Frankland in the winter of 1849-50. 
Liebig was not slow to recognize his pupiFs gifts, and his 
energetic word had much to do in the election of Frankland 
the following year to the chemical chair at the recently founded 
Owens College, Manchester. But Frankland found the work 
ir^Manchester uncongenial, and in 1857 returned to London 
as Profesor of Chemistry at St. Bartholomew’s Hospital. 
Frankland’s name was now great in scientific circles, an(Mis 
next step was^to the chair at the Rpyal Institution, vacated^ 
Faraday in 1863. Here he found''real satisfaction ; no labor 4 
tory teaching in which he had no interest, some lecturing 
which pleased him, and much time for his own investigations. 
Later, Franklandr succeeded Hofmann at the Royal College 
of Chemistry. Frankland died in 1899 while on a visit to 
Norway, having lived to see the %iits of his labours blessed 
scientifically and honorifically in the highest degree. Through 
long years he stood for Eng^sh chemistry, eminent as a pioneer 
in the pure science, and at home continually called in to 
advise inr the commercial interest. He was knighted (K.C.B.) 
on the occasion of Queen Victoria’s diamond jubilee, having 
been already worthily recognized by most of the learned 
societies at home and abroad. A full man was Frankland; 
with his love of music and delight in travel, with his garden, 
his observatory, and his workshop, he was busy to the last, and 
very warm tributes of respect, affection, and almost veneration 
followed him to the grave. In years to come he will rank as 
a chemist with almost the highest. 

tr 

Hermann Kolbe^ was born at Elliehausen, near the uni- 
versity town of Gottingen, in the year 1818. At the age of 
fourteen he entered the Gdttingen Gymnasium, where he 
remained till 1838, when he became a student of chemistry 
under Wohler, who occupied the professorial chair. It was 
during hj^s last year in the Gymnasium, and through the 
^ Cf. E. Meyer, Zi4r Ennnerung an Hermann Kolhe, 

198 



conversation of a schoolfellow^ a common friend of himself and. 
Bunsen, the^ a “ privatdocent ” in the university, that Kolbe first 
had his thoughts turned to the subject his life was so brightly 
to illuminate. In 1842 he went to Marburg to assist Bunsen, 
who had been made ordinary professor that same year ; and in 
1843 he was made Doctor. Kolbe, while with Bunsen, had 
naturally acquired his master’s method of gas analysis. 
Playfair in London was engaged on an investigation of atnio- 
spheilc air, and Kolbe was invited to assist him. So t% London 
he '.ame in 1843. The two years Kolbe spent in London 
were most profitable to chemistry. He was given every oppor- 
^\nity for research, and in ?:he companionship of Frankland 
'^ibund an ever-potent stimulus. In 1847 Kolbe returned to 
Marburg, taking Frankland with him. The same year he 
was invited to Brunswick, where he stayed j^ur years, editing 
Liebig and Wohler’s text-book. He then, to his astonishment, 
received a call to Marburg to fill the chair left vacant by 
Bunsen’s translation to Breslau. He was well chosen; his 
reputation as a teacher spread far and wide, and was scarcely 
eclipsed by that of Liebig. He had no longer to fight his 
battles single-handed. Through his advice, instruction, and 
practical assistance work was done in that laboratory at 
Marburg which gave formulation a new and fuller meaning. 
Honourably recognized and rightly appraised by Kolbe was 
the work done by his many pupils. In 1865 Kolbe was 
transferred to Leipzig, and in 1868 the new laboratory pro- 
mised him was ready for occupation, an enduring monument 
to the broad-minded liberality of. the state of Saxony. Kolbe 
died in 1884. 

Kolbe was a chemist of Berzelius’ school. He was con- 
sequently to the end of his life an uncompromising reactionary 
from the new school of Gerhardt and Kekul^. Berzelius, 
Liebig, Wohler, and Bunsen 1 These were the real workers for 
chemistry. Gerhardt and Kekuld 1 While the types of the 
one he regarded as the most trivial and empty play on for- 
mulse, the linked carbon theory of the other affected him 
with a nausea that drove him in controversy to unseemly 
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. personalities; Kolb e was a stern disciplinarian. He had received 
his canon straight from Berzelius, and gave the whole .of his 
practical, somewhat unimaginative, mind to its development. 
Without Berzelius there would have been no Kolbe, without 
Kolbe there would be little of the security we feel in our con- 
cCeption of the organic molecule. But in private life Kolbe 
was a very different man from the harsh, unbending critic of 
innovation known to the outer world. From the beginning of 
his career he drew to himself the friendship of the besf, and 
with advancing years he won from his pupils almost filial 
veneration. 

Friedrich August Kekuld,^ the son of a Hessian Obe^ 
kriegrath, was born at Darmstadt in 1829. It was intended 
that he should become an architect, and it was as a student 
of architecture tfiat he joined Giessen University in 1847. 
But the spell of Liebig's enthusiasm soon held him fast, and 
he determined to be a chemist. In'' 1851 he travelled to Paris, 
and there heard Dumas lecture, and found the friendship of 
Gerhardt. After a year ^pent in Paris, and another in 
Switzerland, he came over to England to become Stenhouse's 
assistant, and was soon on terms of intimacy with Williamson 
and Odling. It is not surprising that after these varied expe- 
riences he could say, I no longer belonged to any school.” 
Kekul^ remained two years in London, and then went to 
Heidelberg, to become a lecturer in the university there. In 
1858 he was made Professor in the Unive^rsity of Ghent, and 
then followed nine years during which his productive powers 
were at their height. Before they had passed, he had estab- 
lished the philosophy of the linked carbon atom, he had laid 
the foundation of the chemistry of the aromatics by his doctrine 
of the carbon ring, and he had published his text-book. In 
1869 he was called to the chemical chair at Bonn. Seven 
years after, Kekul^'s physical powers began to fail. He had 
borne witness to the truth of his old master Liebig's saying, 

“ A man who would be a chemist must be prepared to sacrifice 
^ Cf./. C. Memorial Lectures^ No. vii. 
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his health/^ Many were the nights through which Kekul^ had* 
toiled* to acquire that subtle instinct by which he was led 
from the single carbon atom to its most complex derivative. 
Kekul^ had the gift of imagination, great, foi: it was allied with 
an aptitude for hard and patient research. Let us dream, 
gentlemen,” said he ; ‘‘ perhaps we shall find the truth, but let' 
us be silent till our vision has been put to the truth by the 
wakeped understanding.” Kolbe did great things ; what might 
he not have done had he possessed this sacred gift ? 

Kekuld died in 1896, full of honours, ennobled by his 
sovereign, an esteemed member of most of • the scientific 
Societies of Europe, and witfi a fresh memory of the magnificent 
festival held but six years previously in honour of the twenty-fifth 
anniversary of the birth of his benzene formula. His impressive 
figure and extraordinary mind will be long remembered by his 
scientific posterity. 


I have said in the previous chapter that the theory of Neither 
types stands now as it stood wherwGerhardt died in 1856. It 
stands for the vindication of what in its essence was Gerhardf s hardt was 
life-work, the recognition of a two- volume standard for mole- 1^^^ P^si- 
cular weights. Yet when one glances at Gerhardt's typical recognize 
formulae, one is momentarily led to consider that here at last was the 
recognition, only waiting definite expression, of some limited 
saturation capacity of elementary atoms; for the fact that three 

H H) 

types, g[|-0, HjN, are preserved in so many compounds, 


must ultimately be dependent on the fact that the atoms H, O, 
and N have a predilection respectively for one, two, or t^iree 
atoms of another element. But to understand precisely 
Gerhardt’s attitude, one must remember, first, that atoms 
were to him mere numbers, expressive indeed of material units, 
but of units whose individual circumstances it was useless to 
inquire into ; secondly, that his system was a unitary system, 
that is, an empirical system, finding expression formulse, 
each symbol in which might be regarded as signifying an atom 
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•bound to each one in turn or all at once of the other atoms ; 
and lastly, that he did in very fact at different times find quite 
different formula for the same substance most clearly expres- 
sive of its various metamorphoses. Even Berzelius, with his 
wonderful clearness of mental vision and powerful imagination, 
^Berzelius, whose atomic system has now been accepted in its 
entirety, had never ventured on any suggestion of a limited or 
constant combining capacity of the atoms he knew so well. 
His dualfetic theory, his belief, for example, that HgO could as 
such combine with SO3, was partly accountable for this, and 
partly, too, the wideness of the fiejd he worked. And so we 
have the two greatest minds that Muring the last century wer§ 
occupied with chemistry, both blinded to the recognition of a 
principle of the last importance to the furtherance of their 
science, and oner^ almost obvious to a youth bringing an 
unbiassed mind to bear on the results of a single investigation. 
With the gradual recognition of ^ this principle, that each 
elementary atom possesses a definite combining capacity, there 
came recognition of what ^as good in Berzelius’ philosophy, 
and understanding how came those structural phenomena 
generalized by Gerhardt. Gerhardt out of chaos had developed 
cosmos, and Frankland had given soul to the latter; yet this 
new creation was not immediately potent to convince. Liebig 
had been premature in extolling the combination through types 
of unitary with radical theory, for Kolbe during many years 
could fight Berzelius’ battle of .the “ copulaeu’’ in the light of the 
new doctrine of atomicity, as Kekuld could Gerhardt’s battle of 
the types, and there was not wanting in either case argument, 
often convincing, that the adverse school was baseless and 
permcious. In reading the following account of Kolbe’s work, 
let it be understood that it was only in 1870 that he forsook 
Gmelin’s equivalent values for carbon, oxygen, and sulphur, and 
that he did not accept the two-volume theory of Gerhardt as 
security for the right measurement of the molecule ; also that 
for him formulae were merely symbolic expressions of chemical 
ideas, andr that to make these ideas as clear and far-reaching 
as possibly was his life’s work, 
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In 1843 Kolbe became doctor of science in the University’ 
of Marburg, presenting as his thesis an account of the action of 
chlorine gas on sulphide of carbon. He had discovered that 
the substitution of sulphur by chlorine took place by two 
stages, the substances C€l:2 and CSij +• C€l2 being produced. 
The reaction continued to interest him, and in 1845 tried* 
the effect of moist chlorine on the same carbon sulphide. He 
obtained a substance with the formula C-6i’2«S02, from which, by 
the action of potash, was produced a salt SO + C2'€i'3.S20s. 
Kolbe had been brought up in the school of Berzelius, and 
therefore this employments^ of copulation formula seemed 
necessary ; moreover, the maflrked analogy between his last new 
•sulphur compound and trichlor-acetic acid, to which Berzelius 
had given the formula HO + C2‘Q-3.C203, struck him immediately. 
The fact published in the same paper that %hg compound C€f, 
by further action of chlorine in presence of water, left a 
quantity of tri-chloracetic ^cid, was further reason why his 
mind should now turn to the solution of the vexed question of 
the composition of this and kindjred acids. In 1847 Kolbe 
was working in Playfair’s laboratory,^ Edward Frankland, 
then aged twenty-two, was a fellow-assistant, and the two set 
themselves to investigate the constitution of acetic acid. It 
was known that ammonium oxalate ^ and ammonium formate 
yielded cyanogen and prussic acid respectively on dehydration. 
Fehling had lately shown that ammonium benzoate produced 
benzonitrile under similar treatment, and Schlieper that there 
existed a valeronitrile. It was also well known ^at on boiling 
these cyanides with potash, salts were produced, of oxalic acid 
from cyanogen, of formic from hydrocyanic acid, of benzoic; 
from benzonitrile, and of valeric from valeronitrile. If Berze- 
lius was right, and benzoic acid should properly be given 
the formula HO.C12S5.C2O3, and valeric acid the formula 
HO.C8H9.C2Og, then ethyl cyanide should yield an acid 
HO.C2H3.C2Og. And experiment® proved their dedu ction 

^ Ann, Chem. Phartjt,^ 54. 

® Liehi^s Ann., 49, p. 91. 

® Memoirs, Chem. Soc,, 3, p. 386. 
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-valid. It was this belief that methyl cyanide^ and acetic acid 
contained the same radical C2H3 that led the next year to 
their attempt at its isolation by heating this cyanide with 
potassium. True, they only obtained its hydride, C2H3.H, but 
here was evidence enough of the correctness of their views, 
•And meanwhile Kolbe 2 had passed a current from six Bunsen 
cells successively through solutions of potassium valerianate 
atvi acetate, and had in both cases obtained striking confirma- 
tion of his copulated formula, namely, separation of a light oily 
liquid with the formula CsHg and a gas C2H3 respectively at the 
positive pole, mixed in both cases^with carbonic acid, and free 
potash at the negative. But in wi:iting acetic acid a copulated 
oxalic acid, H0.(C2H3).C203, Kolbe by no means allowed^ 
Berzelius’ dogma that the copula C2H3 was without influence 
on the nature offf^the copulated acid. He probably saw, too, 
that there was a wide difference between Berzelius’ oxalic acid, 
0203(0 =12, O = 16), and his o^n, (C = 6, O = 8), and he 
was not long in deciding that the fatty acids must be oxides of 
copulated radicals — substances, that is, having no immediate 
relationship with oxalic acid at all; so formic acid^ he wrote 

H.C2O3.HO, and acetic acid C2Hs.C2O3.HO. 

This was in 1848. The complex C2, then, was the deter- 
mining unit of composition in these substances ; H and C2H3 
were the copulse, which, while leaving unaffected the combining 
powers of C2, yet did make themselves felt through the 
properties of the acids in which they occurred. And was there 
any evidence ^or this buckle theory of Kolbe, as Gerhardt 
scornfully called it? Certainly, for did not cacodyl exist, a 
substance which could only be regarded as arsenic coupled 
with methyl, As(C2H8)2, and which yet retained the power .of 
combining with one or three atoms of oxygen just as arsenic 
did; was there not sulphur coupled with methyl and ethyl, 
(QH3)S2 and (C4H5)S2, in methyl and ethyl disulphonic acids ? 

Ann. Chem. FMrn.f 4, p. 288. 

' Mem. Chem. (1848). 

‘ Quart. Joum. Chem. Soc.^ 2, p. 187. 

‘ Cf. Kolbe, Zur Eniwickelung der Theor, Chem.^ p. 9. 
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If further confirmation of the tenability of Kolbe’s theory- Frankland 
was needed, it came most forcibly from the research on zinc 
methyl,^ which Frankland prosecuted the following year, 1849. organo- 
After preparing ^‘free methyl” by heating methyl iodide with 
zinc, Frankland had found a white residue left in his tube, 
which on distillation in an atmosphere of hydrogen gave a cleaiF 
liquid of nauseous odour^ which^ on contact Iwith air inflamed 
spoi^taneously with deposition of zinc and zinc oxide *on 
neighbouring cold surfaces, and which, dropped ihto water, 
decomposed with extraordinary violence, marsh gas or methyl 
hydride being eliminated# ••The liquid could only be a com- 
pound of zinc with the mefhyl radical, for which he proposed 
the name zinc methyl. He opined, doubtless in mind of 
Bunsen’s cacodyl, that the zinc methyl would play the part of 
a radical, combining directly with oxygen, cklorine, and iodine. 

And as this question of the existence of organo-metallic 
compounds was enticing, tFrankland now entered on a more 
extensive research,^ and three years later was ready with a 
paper that marks a new epoch.. From the action of tin on 
ethyl iodide he obtained straw-coloured needles with the com- 
position SnC4H5l ; from these, by the action of caustic potash, 
a solid oxide of stannous ethyde SnC4HeO; and by contact 
with a strip of zinc, oily yellow drops of the ethyde itself 
SnC4H5. He obtained very similar results by substituting 
mercury for tin, and meanwhile Lowig and Schweitzer 
had succeeded in* preparing the three substances stibethine 
(C4Hg)sSb, binoxide of stibethine (C4H5)gSbQg, and oxide of 
stibmethylium (C2H3)4SbO. Now Frankland had begun^his 
investigation in the belief that these organo-metallic compounds 
were substances containing metal copulated with a hydroowrbon 
radical, substances which should be capable therefore of com- 
bining with oxygen and chlorine in just such measure as would * 
their contained metal. But experiment had proved this belief 
false. Metallic tin formed two oxides, SnO and SnC^^Jgo 
chlorides, SnCl and SnCla; nietallic antimony had two 
oxides, SbOg and SbOg, similarly arsenic. Yet, copulated with 
^ y. C. S.t 2, p. 297. 2 Transit 142, p. 417. 
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ethyl, tin formed but one oxide^ SnC4H50, and one chloride, 
SnQHgCL The highest oxide of copulated antimony was 
(C4H5)3Sb02, while the most powerful oxidizing agent was with- 
out effect on cacodylic acid As{C2H3)203. And then he 
thoughtifof his experience in the inorganic laboratory, and all 
•became suddenly clear. In his own words : “ When the 
formula of inorganic chemical compounds are considered, even 
a $,uperficial observer is impressed with the general symi;netry 
of their construction. The compounds of nitrogen, phosphorus, 
antimony, and arsenic especially, exhibit the tendency of these 
elements to form compounds containing three or five atoms 
of other elements ; and it is in these proportions that their 
affinities are best satisfied; thus in the ternal group we have 
NO3, NHa, NI3, NSa; PO3, PH3, PCls; SbOa, SbHg, SbCl3; 
ASO3, AsHg, AsCJ^, etc.; and in the five-atom group, NOg, 
NH4O, NH4I, POg, PH4I, etc. Without offering any hypo- 
thesis regarding the cause of this synmetrical grouping of atoms, 
it is sufficiently evident from the examples just given, that such 
a tendency or law prevails, and that no matter what the character 
of the uniting atoms may he, the combining power of the attracting 
element {if I may he allowed the term) is always satisfied hy 
the same number of these atoms P 


Kolbeand Let us return to Kolbe and his formula for acetic acid, 
acetic acid. ^ 

C2H3.C2.03.H0.^ If now,*^ said he, w§ could succeed in 
producing by the action of methylic iodide upon ferric carbide 

FeCa a radical of the composition (C2H3)C2, which combines 
directly with oxygen to form acetic acid, no one would hesitate 
to regard this radical as acetyl, and to place acetyl in the same 
category with mercurous methyde (HgMe) and stanethyde 
^ (SnEta)-” Immediately Kolbe, and with him Frankland, was 

prepared to regard acetic acid C2H3.C2.O3 as derived by substitu- 
^ferfTbm carbonic acid CaOjS just as cacodylic acid (C2H3)2As03 
was derived from arsenic ^cid AsOg. It was not, however, 

^ Ann. Chm Pharm., loi, p. 257 (written in t§56). 
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till 1858, when Wanklyn,^ by acting on carbonic acid with • 
sodium ethyl, brought about the direct substitution of oxygen 
by the ethyl radical with production of sodium propionate 

(CslCCa-Os) and they had themselves been equally success- 
ful with zinc ethyl, that Kolbe and Frankland felt really secure 
in their assumption. To Kolbe, then, hydrated acetic acid' 
was a binary compound, in the sense of Berzelius, of water HO 

and an acid (C2H3).C2.03. The two carbon atoms ouiside the 
copula were quite different in function from the other carbon 
atoms^ forming together the unit whose affinities held together 
in one molecule the remaini^ single atoms or radicals. This 
iinit^ the C2 group — Kolbe called it carbonyl— in organic acids 
was always found combined with four other units, oxygen 
atoms or alcoholic radicals. Sometimes one^of these oxygen 
atoms was substituted by a chlorine atom, sometimes by an 
amido group, whence there resulted acid chlorides or amides, 

(CsfCrQ.OsCl and (QH^Q.OsNHa, for example. 

There has been much discussi®n from time to time as to Kol’^nd 
whether Kolbe at this period did recognize the tetravalency of 
carbon. It has been attempted to do great honour to Kekuld, 
and this with his sanction and active assistance, by claiming valency of 
for him priority in this regard. It is urged that Kolbe did not 
expressly state the group Cq to be tetratomic till after the 
publication of Kekul^’s paper ^ on the copulated radicals in 
1857 ; that even were the unexpressed tetravalency of his Q 
group the foundation of his whole system subseqjient to 1856, 
it could have no bearing on the tetratomicity ascribed by 
Kekul6 to the single atom of carbon in 1857. Yet it would 
appear that if one disallows Kolbe’s understanding of the 
tetratomicity of his carbonyl group, one must disallow Frank- 
land’s understanding of the divalency of tin, of the penta- 
valency of arsenic, in which case his words can have no 
meaning. It is certain that for l^lbe the C2 in carb»iii%^ 
acetic, and homologous acids requirld four units for complete 

* Ann, Ckem, Pharm,^ 107, p. 125. 

* Ibid,y 104, p. 129. 
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saturation, Just as arsenic in cacodylic acid required five. 
Frankland's thesis being accepted, the point was«so clear that 
it was superfluous to lay stress on it For the rest, Kolbe's C2 
of 1856 and Kekul^’s 6 of 1857 were, as both recognized, 
different expressions of the same physical entity ; but the one 
=> was more suitable in the presentment of organic molecules as 
aggregates of associated chemical units, the other in their 
presentment as derivatives of the single carbon atom. 

Kalbe’s Kolbe ^ then regarded C2 as a group with a tendency to 
generaliza- combine with four monatomic atoms or radicals ; it was at 
times satisfied with two, and sonji^^times perhaps with one. So 
one might regard carbonic acid C2O4 as the mother substance 
of one series of compounds, C2O2 of a second, and the hypcr- 
thetical C2O of a third. “ In fact, organic substances are one 
and all derivatives of inorganic compounds, and can be pre- 
pared from these, in part directly, by wonderfully simple 
substitutions.’^ So we have the series — 


2H0.[C202]02 carbonic acid 
H0.H[C202]0 formic acid 
H0.C2H3[C202]0 acetic acid 

[C2O2] aldehyde 
^^^^[CaOa] acetone 


Organic acids, then, contained the radical C2O2, and oxygen 
atoms outside the radical; the number^ of these determined 
basicity, thaHs the number of equivalents of water with which 
the anhydrous acids combined. 

Hofmann, in 1858, had shown that the combination of a 
diatomic radical with ammonia produced a diamine, a »tri- 
atomic radical a triamine. Kolbe assimilated the idea, and 
derived the di- and tri-basic organic acids from two and three 
molecules of carbonic acid ; thus — 


^q(C 4H4)" succinic acid 


2HO.C2O2.O2 
2HQ^ 0202*02 

* Lkhi^s Ann,f 113. p. 293 (i860). 
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2HO.C2O2.O2 HO pC 202 “i 

2HO.C2D2.O2 H0(C6H602)"' C2O2 Os citric acid. 

2HO.C2O2.O2 HO LC2O2J 

The relation between alcohol and its oxidation product, acetic 
acid, he indicated by the formulae — 

HO{‘^|^®}q.O and HO.CaHs[CAlO, 

from which it would appear that there was every reason to 
suspect the existence of quite other types of alcohols with 
formula — 

(C2H3I (C2H3) 

HOlCgHslCsO and HOlCsHgiCs 

( H (CsHs) 

# 

for example, the first of which would readily oxidize to form a 

ketone, {c^h^}C 202, the se&nd of which, however, would be 

unaffected by oxidizing agents. Cqnfirmation of these deduc- 
tions had not to be waited for long, for in 1862 Friedel isolated 
secondary propyl alcohol, and in 1864 Butlerow tertiary butyl 
alcohol. 

In 1850 Kolbe suggested the formula H0.Ca2H4.NH2[C20s] 
for the so-called benzamic add, obtained by the reduction of 
nitrobenzoic acid. In 1854 his pupil, Gerland, by acting on 
the benzamic acid with nitrous acid, obtained oxybenzoic 
acid, H0 .Ci 2H4.H02[C203] as Kolbe wrote it Kolbe at 
once saw the bearing of this restilt on the fuller knowledge 
of kindred compounds. Glycocoll must be amidoacetic 
acid H0.C2H2.NH2[C20 s], and glycollic acid oxyacetic 
H0.C2H2.H02[C203]. Again, alanine must be written 
HO.C4H4.NH2EC2O3], and lactic acid HO.C4H4.OH2P2O3]. 

In the year 1858^ Wurtz, acting on lactic acid with phos- Constitu- 
phorus pentachloride, obtained a sulBtance which he felt 
only be formulated C6H4O2.CI2. treated this body with Wurtz and 
water, and expressed the ensuing reaction thus — Kekuld. 

^ LkU^s Ann., 107, p. 194. 
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C6H,0,.C1. + + HA 

It matters not for our purpose that no lactic acid is in reality 
formed under such conditions. The eq^uation illustrates 
Wurtz’ philosophy, if not his experimental skill. And in the 
'►1869 edition of Kekuld’s text-book we find the formulae 

for glycollic acid, for lactic acid, 

► H2 ' -^2 


e 

one greatly wonder at Kolbe’s scornful comment, “Such one^ 
calls chemical constitution”? 

Fortune of Kolbe’s criticisms of the type theory were extremely harsh ; 
the type anything which savoured of an attempt to get at the physical 
theory. constitution of chemical substance seemed to him not merely 
foolish, but pernicious ; nor woula he allow that the typical 
formulae proposed did in any way advance one’s knowledge of 
the reaction character of such substance. Yet Kolbe stood 
alone. Sines the publication of Gerhardt’s treatise, the whole 
chemical world had given itself up to foster his theory, and 
much elucidatory and experimental work of the first order had 
resulted. And very necessary to a confident taking of the 
next step this was, for Frankland’s belief in the definite satura- 
tion capacity of each element had not yet become widespread, 
perhaps, indeed, because its inception was in no wise associ- 
ated with the^prevailing creed. . 

Odling * in England, in 1854, generalizing from Williamson’s 
idga of the double water type, sought to show how every oxide, 
every oxy-acid or salt, might profitably be referred to a single 
or multiple water molecule; how it seemed quite reasonable 
to regard them as one, two, or more molecules of water with 
jornfi or all the hydrogen atoms replaced by other atoms or 

groups of atoms. So staf’nic ^ acid might be written Sn"}20", 

^ „ 

* Cf. Kopp, Entwkhelungder Chemie^ pp. 

ZIQ 


Hr 

®Pfor glycocoll, and ^ for alanine. Can 

■He ■ - ?.!•> 



bismuth oxide Bi'/'IsO". phosphoric acid ", and 

sodium sulphate jaO", a very considerable advance on 

the old empiric formulae of Berzelius, or the equivalent formulae 
of Gmelin and the French school. 

In France Berthelot* was busy with glycerine. Years 
before Chevreul had found this substance separated on the 
saponification of many fatsj but it had remained for^erthelot 
to show that it could combine with one, two, or three molecules 
of monobasic organic acid, eliminating, as the case might be, 
one, two, or three molecul^ of water, just as Graham had 
-found to be the case with phosphoric acid and soda. Wurtz 

was happy in his reference of glycerine to the 

triple water type jj ^3, and happier still in his prognostication 

of an alcohol referable simUarly to the double 

water type ; but happiest was he ia the brilliant investigation 
which followed ; for he found that the substance produced by 
the action of silver acetate on ethylene iodide, when boiled 
with potash, yielded this very alcohol glycol. But even before 
this experiment of Wurtz, H. L. Buff had shown that ethylene 
must be diatomic, since its iodide with potassium sulphocyanide 
Cy ]Sa 

formed a substance ->0264 > . So we find spreading through 
Cy jSa 

England and France a belief in the definite saturation capacity 
of the radicals, and at the same time of the constructive vitality 
of the type theory. ^ 

The simpler compounds of inorganic chemistry readily 
found place in the type system, as did also the more complex 
of organic chemistry, provided one was content to take homo- 
logous radicals for granted. But th^ analytic faculty had-jftfe gn^^ 
aroused, and there was seen noareasyn why carbon compounds 
alone should be absolved from exhaustive criticism, why the 
^ CompUs RenduSi 38, p. 668, 
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Kekul<^ 
introduces 
the marsh- 
gas type. 


facts of homology should not find explanation in the chemical 
nature of the organic element carbon, as the constitution of 
bismuth oxide in the affinities of its metal. It is pre-eminently 
the merit of Kekul^ to have finally solved this question of the 
chemical nature of carbon. Let us follow the train of his 
"experiments and deductions. 


August Kekul^ in 1854, was investigating and comparing 
the action of the sulphide^ and chloride of phosphorus on 
various organic substances, and had found the action of the 
first to be of k very different character from that of the second, 
that acetic anhydride, for example, might have its typical 
oxygen replaced by sulphur without further change, but if by" 
chlorine, then the molecule of the anhydride fell into two 
halves. These results he expressed thus : — 


5c:?:8}o+”'’ci.= 


SQH3OCI 

SQHaOCl 


4* P205> 
+ P205, 


intimating thereby that one atom of sulphur or oxygen was 
equivalent in combining power to two of chlorine. Convinced, 
therefore, by his own experiment of the diatomicity of oxygen 
and sulphur, and with full knowledge of the strivings of the 
typical school, he was readily satisfied, by his investigation on 
mercury fulminate in 1857, that a fourth'^ type, the marsh-gas 
type, should be added to the three maintained by Wurtz. For 
mercury fulminate^ treated with chlorine gave nitropickrin, 
which with other evidence pointed to a relationship between 
the'Two, well expressed thus : — 

C2H.H.H.H marsh gas 
C2CI.CLCI.H chloroform 
C2N02,C1.CL®1 nitropickrin 
C2NO2.C2N.H0.Hg mercury fulminate. 


^ Ann, Chem, Pharm,^ 90, p. 309, 
® loi, p. 200. 



In the same year KekuM ^ delivered himself of his opinions ICekule 
on the so-called copulated compounds. It was time, indeed, the 
that this term and the vagueness of idea which it implied were 
banished from chemical nomenclature. To Berzelius the 
copula had been merely a kind of forced aggregation of all 
those atoms in a compound which he could not functionally; 
account for; and though to Kolbe, with his yet undefined 
sense^of definite saturation capacity, the copula still meapt 
something more, it was for him also a confession of failure ; 
while Gerhardfs use of the term was so different that it 
either meant nothing at ali,pr was sufficiently covered by the 
term radical. Kekul<£ sho^ved that a body, whether of the 
so-called copulated order or not, was dependent for its in- 
tegrity on the play of the one force, chemical affinity, acting 
through the individual atoms. All substanpes might be re- 
ferred to a simple type, a plural type, or, as he now showed, 
a mixed type, and there ^as nothing mysterious about the 
fact that these combined similar or dissimilar types offered a 
scheme for constitution; it was gierely a question of there 
being present some atom or radical which, being polyatomic, 
could at the same time replace an atom in each of the several 
typical substances, and so hold them together. Thus sulphuric 


H 

acid SO/ Jo might be referred to the hydrogen-water type 
H 

H 


H 

H 

Hi 

H 


CH, 

, so, too, methyl sulphite SO2' 


jj W 

carhaimc acid 

H r H 


was of the ammonia-water type. . 

' There was nothing very original in all this, as Kdkuld Kekule’s 
allowed; it was merely a clear and comprehensive expres- sop]^. 
sion of the teaching of Williamson, Gerhardt, Odling, Wurtz 
and Buff. But KekuM's ideas were rapidly clearing; his 
labours at Giessen, in Paris, and in ,|ie proximity of WillSfiason ^ 
and Odling in London, enfranchiaJed him from any particular 


Ann* Chem* Pharm.^ 104, p. 129. 
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school, and left him in a position to pick what was vital from 
each, and see all as part of one comprehensive and consistent 
philosophy. He could now avail himself of the labours of 
Kolbe, and, where the latter was restrained by the copula, 
advance in the knowledge of a necessarily polyatomic atom, 
^e knew to the full the value and the limitations of Gerhardf s 
types ; he could add to them the marsh-gas type and turn it 
tOr. account, still understanding that they meant nothing unless 
read as ^ commentary on the chemical nature of the atoms 
they contained. He had employed up to now the equivalent 
system of Gmelin ; he could regidily shake off the shackles 
which bound Kolbe so hard, and write C, ■&, *3 more con- 
fidently than Gerhardt. The prevalence of double decomposi-" 
tion as a mode of chemical reaction was as patent to him as 
to the author of^the theory of residues; but double decom- 
position would not explain the combination of ammonia with 
hydrochloric acid, of chlorine with phosphorus chloride, of 
water with succinamide. No, it was only in the knowledge of 
the combining capacity of tjie atoms themselves that salvation 
lay, and in an understanding that the chemical reaction is 
better expressed thus : — 

ah ah ah 

d d dV dV 

with allowance for the formation of intermediate products, than 
in ancient wis© — 

ah + dV^ ad + dh\ 

S^o when in 1858 Kekuld boldly stated carbon^ to be tetra- 
tomic, and to be possessed of the power of combining with 
itself, with loss to each atom of one of these units of atomicity, 
he w^ prepared as no man before to face the difficulties of 
organic constitution. H<mology ceased at once to be a 
problem ; ^saturated hydrocarbons must have the composition 


^ LUM^s Ann. i 106, p. 129. 
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CnH 2 „+ 2 j monatomic hydrocarbon radicals, owing their one. 
unit of atomicity to carbon, must have the formula 

In the same year, and quite independently of Kekuld, 

M. S. Couper published a paper ^ in the Annales de Chimie nature^Df 
et de Physique almost identical in character and conclusions the carbon 
with that of Kekul^. Couper, too, saw that Gerhardt’s theorj 
of types gave no explanation of the facts of combination; 
that^such typical substances as had no real existence; 

that it was mere cowardice to stop short at the^radical in 
pious content with ignorance ; that one should rather go to the 
elements themselves in picturing their intermolecular play^^nd 
consider, too, not merely **their elective affinities, but their 
affinities of degree. And especially in the case of the carbon 
compounds must one understand that each carbon atom has 
an affinity four times greater in degree than that of hydrogen, 
chlorine, or oxygen, and that carbon atoms can combine with 
other atoms of the same element One would be so led to 
the following formula : — 


j 0— — OH 
^■1 B ? 


for wood spirit, 


cLh» 


for ethane, 



O—OH 




for alcohol, and 


p2 j O O > 

^ I 

C"— H® H®— C® 


for ether. 


It was the re- 


lation between ether and alcohol which prevented Coupefs 
accepting the 0—0 of his formula as really signifying but 
one atom of oxygen, though his atoms, O, wdre never found 
separate. On the other hand, the constant occurrence of C 2 
rather than C made him double the atomic weight of carbon, and, 


cl 


I 


0— OH 


cl 


O— OH 
O^ 


for propyl alcohol, write C — H® , for acetic acid 1 * 

I ^ C— H 

C— H® , 

Thus with the publication of* Kolbe’s, of Kekul^s, and The 

' formula of 

^ Ann , Chm , Phys .^ 53, p. 469. benzene. 



Couper’s papers the enigma of organic constitution was solved 
for all who would take the pains, solved, that is, .within the 
limits of purely chemical investigation. There now only re- 
mained the cleriqal labour of accumulating details to build up 
the organic text-book of to-day ; for even Kekul^’s speculation 
on the constitution of the aromatic substances was but an 
adaptation of his new philosophy to a particular case, and was 
brilliant rather in its material results than its inception. ^Yet 
eight years had to elapse before Kekuld advanced from the 
chemical nature of carbon to the ring formulae of the aromatic 
coiCpounds. He had to meet the foUowing facts.’- All aromatic 
substances, even the simplest, are proportionally richer in 
carbon than analogous fatty compounds, and never contain 
less than six such atoms in the molecule j moreover, whatever 
be the chemical change they imdergo, unless this be in the 
nature of a compfete disruption of their molecules, decom- 
position ceases with the reduction ^of the carbon content to 
six atoms. Finally, homology obtains among aromatic com- 
pounds just as commonly as among fatty. In suggesting the 
formula — 


H 



H 


for the mother substance benzene, Kekul^ felt that he was 
well^thin the speculative boundaries imposed by the chemical 
nature of carbon heretofore ascertained, that he was distinctly 
-marking the generic difference between aromatic and em- 
pirically analogous fatty or chain compounds, and that in 
exempKTying the number .fid nature of cases of isomerism 
whicli must necessarily ensfte according to the number and 

r 

^ Am, Chm, Fharm, (i866), 137, p. 129. 
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position of the hydrogen atoms substituted, he was offering • 
to time and experience an infallible test by which his theory 
must stand or fall. Twenty-five years later, in 1890, there 
was held a magnificent festival in honour of this most masterly 
product of deductive reasoning. There had been found no 
flaw, and chemists in their syntheses had gone on from strengtla 
to strength with the benzene ring fixed on their mental horizon 
as fiipily as the planetary system of Copernicus. Since tfie 
day when Kekul^ exposed the chemical nature of carbon there 
has occurred nothing which has led, or could lead, organic 
chemistry into a new phase.^^ The organic text-hook of td^ay 
is the history which the student must consult who would learn 
' of the progress in methods of synthesis and diagnosis ; it is 
all found in embryo in Kekule's tetravalent carbon atom with 
the power of combining with itself. ^ 

Long seems the road with many a by-way from Kolbe’s The ^ 
substituted carbonic acids the multitudinous, complex, and 
acutely reasoned formulae of to-day; and it is long but formulse. 
straight, and few are the landmarks and not many the acci- 
dents Kolbe did not point out and foresee in his wonderful 
philosophy. To the unaccustomed eye, Kolbe’s formula seem 
so strange with their equivalent notation that the soundness of 
his attitude is not at once apparent. It was not till 1870 that 
he consented to write 0 = 16, C = 12, 8 = 3 2. His formula 

for alcohol, and for acetic acid, HO.C2H3 

CH 

[C202]0, by a natural transition then became ^C.OH and 
CH3CO 

O , and a little thought will convince that, granted the 
” H 

dualism of organic substance and the integrity of the two 
portions, Kolbe's expressions were as correct before as after 
this transition. 

Yet we have not completely |:raced the history of our 
modern conception of the organic %nolecule ; something great 
has been done since the time of Kekul^, but this'has been 
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• outside, not inside, the molecule. The relative size and the 
spacial construction of the molecule were questions which, as 
Kekuld long ago maintained, must be left for the physicists 
to settle, and these have since worked worthily. To the 
history of the molecule as a physical structure we must now 
turn. 



CHAPTER XII 

THE DEVELOPMENT OF STEREO-OHEMISTRY 

So long ago as the year i6fi§ Erasmus Bartholinus had noticed The dis- 
* that an object, when viewed through a plate of Iceland spar, 
appeared double. Bartholinus had further discovered that zatwn of 
while the rays producing one image obeyed the ordinary laws light, 
of refraction, the others did not. But it %^as only after the 
lapse of more than a century, and after Huygens ^ and Newton 
had taxed themselves in v^n with the explanation of this case 
of double refraction, that knowledge came. In i8io Malus, 
glancing through a doubly refracling prism of quartz at the 
light reflected from the windows of the Luxembourg Palace, 
noticed that this light had acquired those same qualities which 
came from passage through Iceland spar. Imbued as he was 
with a belief in Newton's corpuscular theory, and with the 
sense of an analogy between the duplicity of light rays and 
magnetic two-endedness, he termed the phenomenon polariza- 
tion. The corpuscular theory being powerless to explain this 
polarization, and so, too, the undulatory theofy as then con- 
ceived, attention was drawn to an old guess of Hooke, that to 
produce a sense of light the vibration of the ether must b^ in a 
plane perpendicular to that of progression ; and soon, through 
the efforts of Young, Fresnel, and others, there arrived con-^ 
viction that while ordinary light resulted from the vibration ' 
occurring simultaneously in all dir^tions in this perpeig^icular 
plane, polarized light acquired its peculiar properties from the 
ether vibrating in but one direction. 

Cf. P. G. Tail’s article, 14, p. 6ii. 
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polariza- 
tion and 
the hemi- 
hedral 
form. 


The opti- 
cal activity 
of certain 
organic 
substances- 
Pasteur’s 
work. 


Now, Biot, after discoveiing that polarized light b* passing 
through a quartz plate had its direction of vibration rotated 
through an angle depending on the thickness of the plate, 
proceeded to show that turpentine, and other organic bodies, 
sugar, camphor, and tartaric acid — ^these in solution — exerted 
a similar effect on polarized light. In these latter cases this 
rotary power must certainly come from the activity of the 
smallest dissolved particles, the molecules, and not, as ip the 
case of quartz, from the nature of the crystalline form. Biot 
had found, too, tkat of his various quartz plates some rotated 
the^^ne of polarization to the left, others equally to the right. 
The great crystallographer Haiiy ^^£ad discovered quartz to be 
among those minerals which exhibit hemihedrism ; moreover, ^ 
that there were two hemihedral forms of quartz identical in 
every respect but^this — they were not superposable, the one 
appearing as the reflected image of the other. In 1820 Sir 
John Herschell demonstrated to the Royal Society that in this 
discovery of Haiiy lay the explanation of Biofs converse 
results ; that it was the right-handed hemihedron of quartz 
which turned the plane of polarization to the right, the left- 
handed which turned it to the left. 

It is a curious fact that no one thought of connecting the 
then well-known activity of sundry organic substances with a 
possible analogy in their crystalline forms. Not till nearly 
thirty years had elapsed did a mind waken to the intimate 
relationship which must hold between rotation of light and 
physical, perhaps chemical, structure. Then Pasteur began to 
investigate the tartaric and facemic acids. In the massedl 
crystals of all the tartrates he found traces of hemihedral 
formal all in the same sense. Racemic acid, inactive ^to light, 
gave no hemihedra. Mitscherlich, in 1844, had given to the 
Berlin Academy an account of an extended research into the 
physical character of the sodium ammonium tartrate and 
racemscte; he had found tfeese salts identical in all respects 
save one: the tartrates w^re active on polarized light, the 
racemates naot. Pasteur could make nothing of this, so he 
^ Pasteur, O^Pwald^s Klassihr^ 28, p. 8. 
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repeated^ Mitscherlich’s experiments^ and with results that* 
amazed him. True enough the tartrates crystallized in hemi- 
hedra ; but the racemates, they crystallized in hemihedra too ! 

While, however, the hemihedra of the tartrates were all in one 
sense, those- of the racemates were mixed equally in opposite 
senses. These, carefully separated and dissolved, gave soli*- 
tions rotating polarized light to the right and left, yielded acids 
of similar optical character, which, mixed in equal quantit^s, 
combined with evolution of heat to form racemic acid. Pasteur 
repeated his experiments before Biot. ‘'"My dear 
exclaimed the veteran, ‘^LJiave my life long- so loveu the 
science, I hear my heart throb with joy.'^ And it was not long 
before Pasteur found other means of separating the component 
parts of racemic acid. He neutralized the acid with the active 
base cinchonine, and found that on crystallization the lasvo 
cinchonine tartrate separated first, later the dextro salt in a 
quite different form. Mm^over, under the influence of yeast, 
ammonium racemate rapidly became Isevorotatory, all the 
dextrotartrate it contained being destroyed. So the explana- 
tion of the isomerism of the tartrates lay in this ; the molecules 
were similarly constituted of the same atoms, but these atoms 
were arranged in the two in just the reverse order. There was 
a pleasant elation about Pasteups closing words, “ I have, in 
fact, set up a theory of molecular asymmetry. I have opened 
one of the weightiest, most astonishing chapters in science — 
one which offers tcp physiology a horizon, new, far-distant, yet 
quite distinct.” 

In the 1867 edition of his great text-book ^ Kekul^ drew Kekd^ 
attention to a number of cases of isomerism which a? that 
time had received no explanation. Among these we find that of 
ethylene chloride with ethylidene chloride; of acetal with diethyl 
glycol; for maleic and fumaric, for mucic and saccharic, acids, 
the last effort of his philosophy hid only found him Sie two| 

formulae and respectively^ Kekul^ 

^ Cf. 2, p. 189. 
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• instanced too those bodies which only differed in thair effect 
on polarized light, the tartaric, the malic and camp6)ric acids, 
and the amyl alcohols* He had been careful to insist that 
none of his formula were other than mere reaction formulae, 
yet had by no means escaped the ire of his countryman 
Kolbe. Kolbe seemed to see the cloven hoof in every page 
of the book; and one can well understand the bitter scorn, 
if one cannot pardon the gross personalities, with which he 
greeted th6 publication of Van f Hoffs La chimie dans Vespace^ 
wh^, in its Gerfhanized form, appeared in 1877. Had not the 
womihen foisted (in Kolbe's opii^ion) on the public under the 
protecting asgis of Kekuld’s and Wislicenus' patronage, he had 
not condescended to notice it 

•WislicCnus Wislicenus ^ had indeed some cause to hail with delight so 
clear a formulation, of views which, years before, he had seen 

acids* could alone reconcile facts with established theory. He had 
been occupied with the various modifications of lactic acid. 
He had found that the ethylene lactic acid or hydracyiic acid 
prepared by Beilstein, by tj:eating ^-iodo-propionic acid with 
" silver oxide, possessed properties different from those of the 
ethylene lactic acid obtained from ethylene cyanhydrin. The 
difference was so considerable, he thought it might be accounted 


CH2.OH 

I 

CH 


for by giving the two acids different structural formula, 

" . C— OH 

A ■ 

GHa-OH 

^^and CHjj respectively. The fermentation lactic acid and 
CQrOH 

the sarcolactic add of Liebig, ** both ethylidene lactic adds, 
were in chgmical propertied identical, yet they differed in that 


‘ Am., 166, p. 3. “ ZMZ, 167, p. 302 - 
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the first inactive towards polarized light, while the second 
was dextro-rotary. This one point of difference seemed 
hardly sufficient to permit one’s writing fermentation lactic 


CHs 


CH3 

acid CH.OH and sarco- or paralactic acid 

' I 

CO.OH 


ch:oh 



H 


seemed much more likely thfi{ here, at any rate,(iwere cxSfes of 
what Carius had called physical, but what Wislicenus now 
'proposed to call geometrical isomerism. “ I must recognize,” 
he says, “these differences in property as the result of a 
different spadal ordering of the atoms in the jjiolecule.” 

Van d Hoff’s brochure,^ La cMmie dans Fespace, contained 
a synopsis of two papers, pq|]Dlished almost simultaneously and 
quite independently in 1874, the one by the French chemist, 
Le Bel,^ the other by the author, fhe theses of both were the 
same — ^Pasteur having establis hed the correlati on of molecu lar 
Hisy rnm efi^^l^ micrrota ry ppw^, if’only remained to discover 
rmder 'what~ con ditions the'disvmmetry could o btain in two 
molecules str ucturally identical . It could not be that the 
atomToFracGcals satisfying the four valencies of carbon were 
in one plane, for otherwise there would be possibility, nay 
probability, of isomerism among the mono- and di-substituted 
methanes. On the other hand, were the four valencies of 
carbon active towards th e angle s'oT a reMar,t8l;Sltsd£CgW^ 
titese valencies satiffie d by four jdiffereQLradi£a^»jffiCTejr^^ 
be a possibility of iust such a .ca se.jQ £ is Q ni firi sm as Pasteuf had 
^reseen.. If tlSs waslndeed the case, and if the converse rota- 
tion of structurally identical bodies found thus its explanation, 
one would expect, thought Le Bel, to find a carbon atom so 
bound associated always with opticil activity, and, add?d Van 


Cf. J. E. Marsh's translation (Oxford). 
Butt. Chem. Soc., Paris, November part. 
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k’ HofF, we find indeed that every carbon compmind which 
in solution rotates the plane of polarized light, does contain 
^ such an asymihetric carbon atom ” Below we have diagrams 
depicting and interpreting the hemihedral forms of ammonium 
bimalate ; a glance at them will make clear the relation between 
Pasteur’s evidence, his deductions, and their realization by Le 
Bel and Van f Hoff:— 



It will be readily observed that the crystals and the two 
tetrahedra only differ respectively from each other^ in this, 
that the one appears as the non-superposable image of the 
other* 

The " Not only was the different optical activity of certain 
saturalfed bodies of identical chemical structure explained by 
and this new hypothesis, but- also the more marked reaction 
fumaric difference:^ of the isomeric fumaric and maleic acids, the citra-, 
* ita-, and mesaconic adds. According to Van t’ Hoff, maleic 
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and fumarir:acids would find adequate spacial presentment by 
the forms — j 



We know how readily maleic acid loses water with production 
of its anhydride ; how, too, fumaric acid, under the influence 
of temperature, loses water with formation of the very same 
anhydride. Kekule and Anschutz, in 1880, found, moreover, 
that fumaric acid yielded racemic, maleic inactive tartaric acid, 
on oxidation with permanganate of potash. The new stereo- 
chemical philosophy makes the reaction almost obvious — 

COOH COOH 

H— C— COOH HO— ci— H H— C— OH 

2 II +20 + 2H20= I + I 

HOOC-C— H H— C— OH HO— C— H 

1 p I 

COOH ' COOH 

COPH 

H— C— OH 

II + O + HP = I 

H— C— COOH H— C— OH , 

I 

COOH. 

Wislicenus^ has shown how well i« keeping with this«ame 
picturing is the ready production of fumaric acid from maleic 
through the intervention of hydrochloric acid. By addition of 
* Berichte, 12, p. 2282. 
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an activity not yet observed, but it offers a reasonable explana- 
tion t?fV>the existence of certain isomeric oximes and hydrazones 
of undoubtedly identical structure. There are two benzil 
monoximes differing markedly in the ease with which they give 
up water. Hantzsch and Werner see in this evidence of the 
physical structurq^ 



the corresponding dioximes may be similarly differentiated — 

CeH,C CQHc QH,C— t:CeH« CeH,C CCeH, 

I _ II ^ , ^11 1 .^ and II _ _|| 

cNOH NOH HOp, pOH NOH HON 

though Auwers and Meyer ^ would rather accept the present 
ment — 

C6H,.C : C8H5.C : NOH 

^ I ^ I -v » 

HON : CQUb QH5,C : NOH 

^ IBerichUy 21, p. 784, 
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allowing that even singly-linked carbon atoms may in certain 
circumstances have t^ieir free rotation checked. 

But it is not only in the world of the organic chemist that Stereo- 
enigmatical cases of isomerism are found. There are many 
compounds of cobalt, of platinum, ruthenium, and other metals ganic com- 
which bind ammonia in measures that seem impossible a pounds, 
friori^ which have brought Werner to the rescue with a viev? 
of int^rspacial relation between component atoms that is given 
full honour in so reputable a text-book as th^t of Rjscoe and 
Schorlemmer,^ ^ 

And so the beginnings of a real structural chemistry are 
ours. We feel that such a ftflfilment awaits it as has already 
larrived to Dalton's atomic prognostications in the modern 
constitutional formula. To us, convinced that the physical 
structure of the molecule is really within mental ken, it matters 
just as little that for the present w^e must t)e content to try 
this and that presentment, as it mattered to convinced atomists 
in the times of Dalton thal this or that atomic weight was 
arbitrarily taken as at least a workable unit. 

The philosophical world is very conservative, and the man Tauto- 
must needs be bold who would attempt to shake it from a ^^lerism. 
long-cherished fallacy. Le Bel and Van f Hoff had ventured 
much in propounding a scheme of stereo-chemistry, and they 
are among those fortunate enough to have seen their courage 
rewarded. The wcciderful fruitfulness of their conception 
has done much to weaken the hold of revered ^authority, and 
we are scarcely surprised to find’ even so anarchic a sugges- 
tion as fluidity of chemical structure received with mere in- 
terest. yet if there was one belief which seemed more jSrmly 
founded than another it was this, that substituting radical and 
radical substituted exchanged function and place. Gerhardt , 
and Kekul^ had talked much about mere reaction formulae, 
piously allowing the limitations of the human mind ; yat they 
had never seriously supposed that qge substance could at one 


BenchUi 2, pp. 1069 and 1149. 
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time have two formulae suggestive of functions absolutely irre- 
concilable. Van f Hoff had been moved to his achievement by 
the inability of existing theory to meet facts ; with Zincke’s dis- 
covery of the identity of a-naphthoquino-phenyl-hydrazone and 
phenylazo-a-naphthol,of C6H5HN2=CioH65=0 withCgHgN — N 
=CioH 60 H, Conrad Laar,^ in 1884, was in turn made a 
Irevolutionary. He recalled other instances where chemical 
property seemed to demand different formulae for the^ same 
substance, — of ppissic acid, whose derivatives suggested the 


rexpre^^^ions and C— NH, of cyanic acid, C 


and 


NH " ^OH 

, of aceto-acetic ether, CHg.CO.CHs.COOEt and" 


CHgCOHsssCH.COOEt; and finally of the well-known nitrous 
acid, HO.NO and H.NO2. Examine prussic, cyanic, nitrous 
acid, or aceto-acetic ether, and onss finds no symptom of their 
being heterogeneous ; examine their derivatives, and one finds 
them with properties demanding the formulae N^CM and 


C=NM, 


< 




and 


OM 



MO.NO and M.NO2, abso- 


lutely finally fixed. Here are new phenomena, for which the 
term “ tautomerism ” is as serviceable as any; here are sub- 
stances whose salient hydrog en atoms sean to have no settled 
position, to be- combined one instant with one element, and the 
next with another* And more recent investigation has 'only 
confirmed us iriJLaarlaiijelief 4 hata^^ 

^olfeular stabilityjs necessary. The truant hydrogen atoms 
h^e been tracked to their various homes and fixed there. 
Eor Claisen^ has shown how the substance prepared by Emil 
Fischer from sodium benzoyl acetone by mixture with benzoyl 

1 JBenchie^ 17, p. $030; 19, p. 730. 

® Zieifi^s Ann,, 291, p. 2$ f cf. Wislicenus, Sammlung Che^cher and 
Chemisch 4 echnischer Vortrdg^, 2, p. 187. ^ f ^ , 
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chloride exists in two forms entirely different in atomic struchire 

and physical property, the one, the a form ( 5 — CO.C5H5 

■\CO.QH5 

/CO.CH3 

melting at 80°, and changing into the /? form HC— CO-CsH^ 

\CO.QHs 

with a melting-point 107°, crystals of which are also obtahied 
after dissolving the a body in alcohol. Afte? shaking the j 3 sub- 
stance with alcoholic soda, a salt of the original a body remains. 
There can be no doubt aboiuyt the virtual existence hpre of b 
labile hydrogen atom. Polymerism cannot explain the facts, 
for the a and /S modifications have both the same molecular 
weight; nor can a possible stereo-isomerism, for the formulae 

CsHs— COH 

II and II are quite 

CeHgCO—C— CO.CH3 ^ CHsCO— C— CO.CeHe 

incompatible with the solubility ©f the one and not of the 
other in aqueous soda, with the ready action of ferric chloridS^ 
on the former, and not on the latter. 

Why this hydrogen is labile remains a question. Meanwhile 
Laar has decided to rename the new phenomenon pseudq - 
meri sm.” Claisen feels that the term f!jtroD.Q.merism,” and 
TacoTso n desmotronv.^^ 
defink io n to their l^i ews. 

tbejhydro gen atom , is not., alone to possess feedom of mtra - 
mofec ular movemeaLL..Jb^..,.^di^^ recent ly 

been discovered by Clais en to follow sluggishly the lead of it s 
pfime-homologue. Under the infiuenceofl^^!*anTsiSi^ 

CH2 CHa.CaHs^ 

temperature the body II becomes 1 . ^ 

CeHsCOCs^e C6H5C = 0 
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CHAPTER XIII 


Dobe- 

reiner^s 

triads* 


I#rER-R^LATIOjffSHIP OF ATOMIC WEIGHTS, CANNIZ- 
ZARO'S REFORM, AND THE PERIODIC LAW 

Earli:^. in this volume I endea^ured to trace the develop- 
ment of the atomic theory of Dalton. The broad effect is , 
of Berzelius working, always working, with head and hand to 
give the atom an assured position. A worthy recompense 
it would have been to him to know that as he left his 
theory in 1848, so we find it in 1906 — his atoms our atoms, 
his atomic weights our atomic rveights. Berzelius' theory, 
I say, for he almost alone remained faithful during those first 
gfty years of its life; and^it was with the uninspiring echo 
of equivalent, mixing weight, proportional number in our 
ears that we turned to the chemical history of carbon. How 
came it, then, that the great master being dead, and those left 
to bear his banner careful merely of analytical nicety, that 
there gradually came final conviction that the atomic weight 
was a discoverable and indeed discovered quantity? The 
answer is instructive as well as interestin|, bound up as it is 
with the answer to that other question : what of the relation of 
elements to each other ? 

In 1815 Prout had published his generalization. Human 
nature^ being weak, and human intellect greedy of nnityy th«Fe 
were plenty to support him. Berzelius was strong enough to 
Remain unmoved ; he only pointed to experimental data. It 
was not^to be expected^ hc^ever, that Prout should wear his 
laurels alone^ Given a suraciency of numbers, man will play 
with them if he has nothing better to do. Moreover, he has a 
rooted disbelief in coincidence. So we are not surprised to, 

232 



find a German chemist, Johann Dobereiner/ Professor at Jena, 
only two years after Prout, and probably quite independently 
of him, calling attention in his lectures to the chemical analo- 
gies which mark the elements of the alkaline earths, and to 
the curious numerical relation shown by their atomic values. 
Accepting the number 647*285 as the value of strontium oxide, 
there was but little difference between this and that calculateti 
thus— 

35_i:ox9(= CaO) + 956-88o(=: BaO) ^ SrO). 

In 1829 Dobereiner published an account *of the 4 ievelop- 
ment of this idea of numerical relationship between the atoms 
of chemically allied elements. It was with great pleasure he 
hailed Berzelius’ value 78*383 for Balard’s new element bro- 
mine y for was not this very near the 8o*47# already suggested 
to him, being the mean of the atomic weights of chlorine and 
iodine, and prophesied byihim in his lectures? But there 
were groups, and many of them, other than those of the halo- 
gens and alkaline earths ; there were groups whose membei;g^ 
were bound by so close a chemical relationship that they, if 
any, should exhibit some analogous gradation in their atomic 
weights. Nor was Dobereiner deceived. Here are some of 
his triads — 

(O = , 00 ) Htaj2fcli)±s!92i6(^,3g,. 

[Berzelius’ value was 390*897.] 

(H= .) 3»-»39(-S) + »';-U3(=Te) _ 

^ ^ * [The experimental value was 79*263.] 

Moreover, if this grouping of the elements by triads was, SiSm 
seemed not unlikely, to be taken as according with truth, one 
was led to suspect the existence ?>f elements hithertB undis- 
covered. For where were the elerijents which could play third 

- ^ AnTi , (1829), 15, p. 301 5 OstwaWs Klassiker^ 66, pp. I~8. 
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l;o boron and silicon, to aluminium and bismuth, to yttrium 
and cerium ? ’ But Berzelius deemed the triad division of the 
elements unworthy of remark in his Jahresiericht^ and it was not 
till an extended notice appeared in the 1843 edition of Gmelin’s 
text-book that Dobereiner's work met with any general recog- 
nition ; and, just as with Prouf s hypothesis, whose truth could 
< 5 hly be vindicated by denial of atomic values hitherto accepted, 
so too it was with DbbereinePs new system. 

‘^Thomson had fared but poorly in his defence of Prout; 
his table of atomic weights, all nicely rounded off, was very 
different from tfiat of Berzelius, straight from the laboratory, 
ind roiigh. In 1829 another Englishman, Turner, took on 
himself a critical examination of the numbers of Thomson, ^ 
found the work on which they were based vitiated by one 
error and another — found, in fact, Berzelius right and Thomson 
wrong. It is worth notice that Turner about this time intro- 
duced the custom of reducing all weighings to vacuum standard, 
of straining gnats and swallowings camels, as Berzelius grum- 
blingly remarked. 

Dumay-^ ^ But as years passed there came evidence — this time very 
BerzellL* some modification was necessary in the equivalent 

values for values assigned by Berzelius to the elements. Dumas had 
carbon and analyzed naphthalene again and again with most unsatisfactory 
y • j-esults — 


94'3 

94*2 

94-27 

94*9 

94-9 

6-3 

6*3 

6-26 

6*2 

6-1 

loo'S 

100-5 

'100-53 

lOI’I 

101*0. 


It was clear that either the whole system of. organic analysis 
was wrong, or, as Dumas suggested, the atomic weifSts"* 1 br 
hydrogen and oxygen so patiently accepted under the warrant 
"^of Berzelius. To the latter it seemed most likely that the dis- 
crepangies 'were due to ^perimgntal error. Berzelius and 
Dulong, by determining the specific gravities of carbonic acid 
and oxygqp, had obtained, 1819, the value 12*23 for carbon, 
a trusted value, which accorded fairly with. the 12*14 derived 
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less surely by beating lead carbonate. For hydrogen Berze« . 
lius had given the value 0-998 (O = 16), based bn determina- 
tions of its specific gravity, and on some not very convincing 
measurements of the water produced by the action of hydrogen 
on copper oxide. Dumas saw no reason to accept the impu- 
tation of experimental inaccuracy thrown out by Berzelius, and 
with Stas, in 1839, entered on an extensive investigation of tlTe 
real ^atomic weight of the all-important element carbon, an 
account of which appeared in the A males'^ de Chimie it de 
Physique the following year, sufficiently striking to shake for 
long all faith in Berzelius’ accuracy. Indeed, it was a great 
paper — a paper which marS;^ an epoch in the Instory #f experi- 
mental nicety. Its contents deserve more than a casual 
glance — 


No. of 
experiments 

Carbon used 

« 

Weights 
employed in j 
grms. 

Cafbon combined 
with 200 grms of 
oxygen 

Mean 

5 

Natural graphite 

1 : 1-471 

75-125 : 74-875 

74-^6 


from Ceylon 

« 



4 

Artificial graphite 

*992 : 1*660 

74-875 : 7S‘i2S 

75-01'* 

5 I 

Diamond 

•708 : 1-375 

74-925 : 75-100 

75-02 




Mean 

75-00. 


From these they derived as the atomic weight of carbon the 
number 12 exactly *(0 = 16). At this time Berzelius’ value for 
hydrogen was found to be sufficiently accujfate; but three 
years later Dumas ® returned to the labour of estimating this 
constant beyond cavil. Berzelius’ estimations of the water 
p^oxtoced in hiS syntheses had been so discordant th«t there 
was no security for the accuracy of their mean. In Dumas' 
mind, the 10 to 12 grms. collected had been too little, tl^ 
hydrogen not dry, the neglect shown in not reducing the 
weighings to vacuum standard inexcusable. With aH precau- ' 
tion Dumas made nineteen exper^ents, the oxygen combined 

• 

^ Ann. Chim. Fhys. [3], i, p. i. ® Bid.y 8, p. 189. 

235 



Dumas 
turns to 
th^e law 
oF Prout, 
Pettep-' 
kofePs 
views. ' 


varying from 13*179 to 76*634. The hydrogen found united 
with 50 grms.' of oxygen varied between 6*2360 and 6*2810, 
with the mean 6*2575, from which he calculated the atomic 
weight I. 

Here, then, were two atomic values, measured with the last 
degree of accuracy, found whole numbers. The significance 
of this fact did not escape Dumas. “ So far,” he adds, “ the 
views of Prout have not had that sincere attention which their 
high importance merits.” And now there began keen inquiry 
into the possible^ validity of Front’s law. In 1845 Pelouze^ 
brought to mind Gay Lussac’s method of silver assay, and 
instigated Marignac to analyze majly chlorides and bromides. 
The atomic weights thus derived mostly agreed well with , 
Front’s hypothesis, and so too those obtained by Erdmann and 
Marchand. Marignac saw in chlorine alone a real exception, 
and not even here^^if the unit were taken as 0*5 instead of i. 
There was, however, a difficulty patent to all in accepting 
a unit so small as 0-5. There wCre doubts even as to the 
po^ibility of deciding the claims of Front’s hypothesis experi- 
mentally with the unit even*^twice that size. As Fettenkofer® 
pointed out in 1850, were it found that the atomic weights of 
elements differed by such a number as eight or some multiple 
of eight, the belief in the complexity of the element, intensified 
as it was by the discovery of homology, might be turned into 
something near certainty. Dobereiner’s triads suggested that 
this was indeed the case, but not convincingly; for if there 
was anything more than mere coincidence in chlorine, bromine, 
and iodine forming a triad, oner would expect fluorine, chlorine, 
and bromine to form a second triad; similarly magnesium, 
calcium, and strontium. Yet that there was a relation between 
groups of elements, closely paralleled by that betweeSTtSe 
members of a hydrocarbon- family, Fettenkofer showed by the 
iSllowing table : — 

Cf. Sebelien, Atomgewii^tey p. 45. 

Ziehi^s Anm, loS, p. 187 ;^Ostwalcl*s Klassiker^ 66, p, 9, ei seg. 
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Lithium Sodium ^ Potassium 

Equivalent weights 6*51 + 16*46 = 22*97 + 16*14 = 39 ‘ii 

Magnesium Calcium StrontiuiSK Barium 

12*07 4 - 7*93 = 20*00 + 23*92 = 43*92 *4^ 24*62 =: 68*54 

Oxygen Sulphur Selenium Telluri^ 

8 + 8 = 16 + 23*62 = 39*62 4 - 24*52 = 64*14. 

• 

The differences in the equivalent values of the elements be- 
longing to the same group were all so nearly equal to eighth or 
multiples of eight, that here was surely soiaething tnore than 
coincidence. The differences between the equivalents of the 
elements in the carbon-boroi^-silicon group and in thg,t of the 
halogens were similarly found to be some multiple of five. 

Finally, Pettenkofer maintained that, in view of these facts, in 
view of the analogy they suggest between the relations of * 
elementary atoms and organic molecules, ^d our knowledge 
of such compound radicals as ammonium and cyanogen, “ we 
have lost any scientific guai^ntee for the undecomposibility of 
our two and sixty chemical elements.” It was some such 
thesis as this, too, that Dumas was*upholding the year follow- 
ing, in 1851, before the British Association assembled at 
Ipswich. A supposed new element ^ discovered in the thorium 
mineral, orangite, had suggested to Faraday the possible trans- 
mutability of the metals is general, which gave Dumas oppor- 
tunity for reference to certain triads, to a possible substitution 
in the so-called elementary atoms analogous to that he knew ‘ 
so well in the organic molecule, and to a remembrance of 
Prouds hypothesis and his own so recent workmen carbon and 
hydrogen. 

This question of a possibly ascertainable relationship Widely 
betw^^ the equivalent weights of the different elemeifts was 
getting hold of men’s minds. In 1853 we find another chemist, the rela*« 
this time an Englishman — Gladstone — ^arranging all the ele^tionsMp^ 
ments in the order of their equivalent numbers, and noticing 
how great were the gaps between some contiguous* numbers, 
how nearly identical others ; ho^ some were multiples of a 

Cf. Lothar Meyer, OstwaMs Klasstker ^ 66, p. 28. 
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constant number, others increased by a definite unit. Glad- 
stone gave full weight to Dumas^ Ipswich declamation, as did 
the Americail Cooke, for the new phase was felt on the Western 
Continent too. Cooke ^ even ascribed the discovery of triads 
to Dumas. Like Gladstone, he was quite unaware of Petten- 
kofePs work, and, again like Gladstone, was at pains to show 
how one particular family of elements had equivalent values 
dif%ring by some multiple of a certain unit. For him there 
were six stich famines, and the units marking the differences of 
their members were 9, 8, 6, s> 4 j and 3 respectively. Papers 
published by Gdling in England^ e and Lenssen in Germany, 
were devoted similarly to the search for some new system. 
They had nothing to say that was very new. Odling had * 
- found that of the elements one half had an atomic heat of 
approximately 6, ^e other of 3; he had marked a frequent 
isomorphism between elements from the different groups, yet 
did not therefore suggest any such ^edification of the existing 
atomic weights as would bring all elements under Dulong and 
^ P^tif s law. Lenssen conqpntrated his attention on the dis- 
6^6 very of his twenty triads. 

Dumas’ Dumas at length, in 1858, ventured to publish that theory of 
elementary composition of which he had given hints in the 
Ipswich speech. On examination of the three and thirty best- 
determined atomic values — he gave particular attention to 
those of Marignac — ^he found that two and twenty of these 
were, within the limits of experimental accuracy, multiples of 
I, eight were multiples of 0*5, and three of 0*25. With the 
qualification that the common unit accepted by Prout must be 
reduced hy three-quarters of its value, he was now prepared to 
accepf the latter' s hypothesis. There was much more in Aese 
two papers which bore on this same question of the genesis of 
Elements, much which might hav9 been well written by Petten- 
kofer eight years before. Dumas' authority was great. Berze- 
lius ha(f been dead ten years, and even before, his accuracy 
bad been impeached. H^e, after forty-three years of un- 
paralleled £ctivity in the laboratory, was ratification of a theory 
^ Lothar Meyer, OsfmaWs Kkssiker, 66, p. 30. c' 
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a friori reasonable and wonderfully alluring. There was greaf • 
excitement. 

Three years later Jean Baptiste Stas, Professor'^of Chemistry Stas’ ^ 
in the military school at Brussels, published his Recherches 
sur les rapports rkijproques des foids afomiques^ and Prouf s 
long-lived hypothesis was eliminated finally from the practical 
philosophy of the chemist. In paying a generous tribute to the 
genius of his great forerunner, Stas ^ writes : “ The illustrious 
Berzelius consecrated a great part of his l|fe to tbe fixing of 
chemical proportions. His work will remain ,an imperishable 
monument to his sagacity and genius. Tl^e minute and 
repeated control to which, iiihiy hardiness, not to say femerity, 

• I have submitted these, has convinced me that his analytical 
skill has never been surpassed, if ever it has been equalled.** , 

Such a monument as Berzelius raised to himself, Stas left 
behind to inform posterity of those gifts an^ virtues he had so 
praised in Berzelius. Stas was a pupil of Dumas, and began 
his work an almost convinced believer in Prout’s principles. 

Yet a doubt remained, and he decided to bring the question 
to a judgment once and for all time final. Aftei all, it w5te 
necessary to find but one exception fo invalidate his whole 
faith; he would confine himself to a few crucial cases, and 
investigate the relations between the weights of the atoms 
of nitrogen, chlorine, sulphur, potassium, sodium, and of lead, 
remembering well the lessons taught by Dumas and Marignac, 
that the only mean§ of establishing with exactitude and esti- 
mating accurately small differences in weight consisted in 
augmenting the quantities which*produced them ; so that these 
differences became much greater than the errors which obser- 
vations entail. !^t the determination of these relations, inw>lving 
as it did the synthesis, often repeated, and by the most varied 
processes, of silver chloride, sulphate and nitrate, of lea<^ 
nitrate and sulphate, and analyses of potassium chlorate and 
silver sulphate, was too stupehdoiB a task to win juft appre- 
ciation from the reader, except by the most liberal generalization 
from the few experiments here so Ifcantily described 

* Recherches, p. i. 

239 



Mate^ ' It was the question of the relation between the atomic 

Stas*^^ weights of silver, chlorine, and potassium. This implied the 

periments. synthesis of silver chloride, and subsequently the estimation of 
the chlorine ^content in potassium chloride by precipitation 
with silver. To do this Stas had balances varying in carrying 
power from 6 kilogs. sensitive to a milligramme, to 25 grms. 
sensitive to 0*03 milligramme] he had glassware previously 
heated to softening in magnesia, and therefore immune from 
that loss i}^ weight which otherwise always occurred at high 
temperatures ; he had water distilled, redistilled, and passed in 
vapour over redbhot copper oxide, to be received in a platinum 
condenser, and so pure that no residue, organic or otherwise, 
was left on evaporation ; he had silver prepared by five different 
jnethods, and with the last refinements of intelligent patience, 
only to be employed after fusion on pure clay, rubbing with 
sand, refusion with^ solid potash, washing, again rubbing with 
sand, treating with boiling hydrochloric acid, washing with am- 
monia, with pure water, and finally fieating to redness on plates 
of pure silver. He had potassium chloride prepared by four 
■‘d^erent m^^thods, one of w^iich consisted in fusing potassium 
chlorate in platinum cfucibles. The potassium chlorate had 
itself been previously dissolved, filtered, treated twice with 
potassium sulphide to remove possible traces of iron and 
copper, recrystallized and washed with pure water, again and 
again recrystallized, and ever similarly washed; the chlorate 
then fused had yielded the chloride, from vj^hich possible traces 
of silica and alumina had been removed by stirring with a 
platinum brusli^ subsequently filtering through its own initial 
crystals, and by subsidence from the solution then made ; the 
clear solution evaporated and fused with ammonium chloride 
had yielded what to Stas seemed a possibly pure preparation. 
Slas’ r To determine the composition of silver chloride, Stas syn- 
method. 'giesized the salt by four different methods. Here are the 
' numericsd details of one experiment where he had dissolved 
silver in nitric acid, and precipitated the chloride with gaseous 
hydrochlork acid, the whcCe being subsequently evaporated 
to dryness and fused in an atmosphere of the same acid. He 
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did not neglect to pass all nitrous fumes evojved through*" 
water, precipitate their silver content, and evaporate here, too, 
to dryness. 

Silver in air Silver in Silver separated Silver chloride All the chloride 

vacuo from nitrous in air in vacuo 

fumes and weighed 
as chloride 

108-553 108-549 0-0345 144-162 144-207 • 

From' this it followed that 100*000 grms. of silver yiel<fcd 
132-849 grms. of the chloride. His other syiitheses^had given 
132*843, 132*848, and 132*844 grms. of chloride respectively 
for 100*000 grms. silver used. The relation between 100 grms* 
of silver and the weight of pofassium chloride it would^precipi- 
•tate he ascertained by dissolving silver in nitric acid in a stout 
stoppered glass vessel. Of the silver he took as much as’- 
Prouf s hypothesis demanded for the decomposition of the 
chloride, which, in the nineteen experiments he conducted for 
the present issue, varied in weight between the limits of 22*3365 
and i'9’8s 65 grms. Any excess of silver was then precipitated 
with potassium chloride solution of known strength in a 
darkened chamber lighted with but*a ray of yellow 4 ight. At 
the result of these nineteen experiments, Stas found that 100 
grms. of silver decomposed potassium chloride varying in 
amount from 69-107 to 69*099 grms. And with much the 
same lavish expenditure of time and nerve, Stas then substi- 
tuted common salt and ammonium chloride for the potassium 
chloride; and in y«t another series of experiments, silver 
nitrate for metallic silver. But long before the^e last experi- 
ments reached their consummatibn Stas^ work was done, and 
Proufs hypothesis lay shattered. Stas had calculated the 
gravim^c relations which must hold between silver and its 
various salts, or the salts of other metals, if Prouf s hypo- 
thesis were true ; he had then with unprecedented rigour tried 
the relationship in the laboratory. In the seven series of 
experiments he conducted, the diffei^nces between his •Experi- 
mental and Proufs hypothetical values were never less than 
three, though rising as high as foiS’teen times the tiifference 
between his maximum and minimum readings in the respective 


series. And Stas concludes, So long, then, as one will stand 
by experiment in establishing the laws which order matter, one 
should consider the law of Prout as a pure illusion, consider 
the undeconiposed substances of our globe as things distinct 
and with no simple gravimetric relationship between them.” 

Yet the world was not quite convinced ; Marignac, while 
admitting the brilliance of Stas' experiments, reserved to him- 
sey the right of still holding a tentative brief for Prout's law. 
He did n«t doubt Stas' facts^ which, like those he had himself 
adduced, did c^tainly require explanation, if the decomposi- 
bility of the element was still to be maintained ; but might not 
such aiT explanation lie in a po^isible deviation from that law 
of constant proportions so confidently accepted since the time, 
of Proust ? Dumas, too, could still hug the idea that Prout's 
hypothesis was a philosophic verity to be ranked with those of 
Boyle and Gay Elissac, though sympathizing with Stas' work 
and admitting the cogency of his conclusions. But Stas was 
not the man to leave work only h£lf done, and his experiments 
of the next five years ^ were all directed with the same minute 
exactitude^ as heretofore fb turning the position of the over- 
cautious Marignac. fa 1865 there remained no doubt that 
composition was independent of all physical circumstance, and 
that the gravimetric relationship between combining atoms was 
once and for all time fixed. His arguments, then, of 1869 were 
valid, and Prout's ghost finally laid. 


^atomic 

"weierhts. 


It was no difficult matter for Stas to calculate those atomic 
^weights his results demanded,— 


0=8 
Ag = 107-943 
Cl = 35-46 
K = 39-13 
Na = 23*05 
= i4‘04i 
S = 16*0371 
Pb = 103-453 

^ Cfi Stas, Mm/elUs Recherches sur ks Ms dm proportions chitniques 

(186S). 
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And this was in i860. In modern times there have been none 
like to him, though some have trod worthily his footsteps. 

Stas’ atomic weights were merely what Humphrey Davy The ^ 
would long ago have called proportional numbers, and ^heSy 
Gmelin, later, equivalents. The atomic weight of Berzelius was formuh 
something of the past, conducive, perhaps, to pious refiectioM, 
but certainly not to practical results. Berzelius’ initial mis- 
conception of Avogadro’s hypothesis was partly accountable 
for this ; partly, too, Dumas’ want of imagination in interpreting 
the anomalous results obtained by his new* vapour density 
apparatus. But chiefly was h due to a natural reaction among 
the younger chemists, tired of philosophy, anxious to 3o rather 
than talk. Hence the wonderful development of organic 
chemistry, a development too rapid for the wearied brain of^ 
Berzelius to cope with ; hence the recent industry in analysis, 
for proportional numbers were indeed realities, and there were 
hints of an ascertainable relationship between them. Gmelin’s 
rude philosophy was at the time most salutary, and Stas, with 
his carelessness of anything but ce|tainty, could not but sub- , 
scribe to it. But this scheme of mere equivalente was too 
brutal to satisfy. Chemistry was not con^ned to one school, and 
while most admitted the value of Gmelin’s stoicism and many 
strove to imitate it, yet were these unwittingly moved by their 
preconceived notions of a loftier philosophy, perhaps that of 
Dalton, perhaps that of Berzelius, possibly that of Gerhardt. 

And the final result <P7as deplorable. If one glances through 
the text-books current in the year i860, he* will find the 
formulae for water written indifferently H2O, HO, HO, or H202?^ 
for marsh gas CH4, or C2H4; in one book C4H4O4 sug- 
gQSte^y^etic aci<^, in another it could only mean fumatic or 
maleic a"cid. With more complex organic compounds the 
confusion was almost comic j Laurent^ and Kekul6 coulci^' 
either of them fill whole sheets with the varied fornfulse for 
one substance culled from the pag^ of their contem^^oraries. 
Undoubtedly things were in a bad way. Formulation, which 
should have proved the most powerful instrumeift for the 
^ Lothar Meyer, OstwaId*s Klassiker, 30, p. 58. 



* spread of chemical truth, had become almost an absurdity, and 
this apparently from mere ignorance or selfish obstinacy. A 
meeting was convened at Karlsruhe by Welzien, Wurtz, and 
Kekul^; and here in September, i860, there met in solemn 
conclave more than a hundred of the most famous chemists to 
cpnsider what was to be done. There was great talk, much 
discussion, and some warmth. Odling deposed that since an 
element could have but one atomic weight, it could not liave 
more than ^ne; hyit Dumas would have it that two chemical 
sciences existedf the organic and inorganic, each with its own 
atomic philosophy, which greatly roused the Palermo professor 
Cannizzaro, who had long and (fceply meditated the subject, 
and was ready to convert the world with a pamphlet, which 
Hn truth he did. Cannizzaro’s eloquence was warmly received 
by those present, who were not, however, to be moved from 
the conclusions voiced by Hermann Kopp and Otto Erdmann, 
that one cannot agree on scientific questions, and that each 
investigator must be given his own way, 

^ After the meeting was^dismissed, copies of Cannizzaro’s^ 
j^mphlet ’^/ere^ distributed; it is now a classic. One of them 
fell into the hands of Lothar Meyer : ‘‘ I too got a copy, which I 
put in my pocket to read on my home journey. I read it again 
and again, and was astonished at the light which the writing threw 
on the most important points at issue. The scales fell from my 
eyes, doubt vanished, and a sense of the calmest certainty took 
its place.” It was the vindication of the now ancient doctrine 
of Avogadro^and Amphre that formed the thesis of this 
‘^illuminating document ; no new task to Cannizzaro, for . his 
pamphlet was merely a reprint from an Italian journal of two 
years"‘back, which had met the eye of few prCbably outgjde his 
own country. And long before the year 1858 Cannizzaro’s 
"pupils had received the advantage of their teacher’s prescience. 
‘‘My judgment from the history of chemical theory,” says 
Cannizzaro, “ as well as from the work of physicists, is that to 
reconcile all branches of chemical theory one must accept the 
theory of Avogadro and ifmpbre in all its fulness as a basis 

Cf. OsiwaWs JCiassiktr, 30. 
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for the determination of the weights and numbers of molecules. 
I make it my business to show that every consequence of this 
is in complete accord with all physical and chemical laws.” 
Of elements and compounds, take such quantities as, vaporized, 
occupy the same volumes under the same conditions of tem- 
perature and pressure, and these will bear to one another tj^e 
relation of their molecular weights. In compounds of the 
same element occupying similarly equal volumes, esti^iate 
the weights of any one element, and these •\|ill be f»und simple 
multiples of a value which must be taken as the atomic weight, 
and which in the case of^a metal will alwa^rs be found in 
agreement with that dedu^d from the law of Dufong and 
Petit. As in the case of carbon, one readily sees that it is 
quite unnecessary therefore to have previous knowledge of th^ 
molecular weights of the elements themselves. A comparison 
Df the vapour densities of mercury and its chlorides at once 
explains the anomaly which puzzled Berzelius and Dumas; 
mercury in the state of vapour must exist as single atoms; 
similarly phosphorus and arsenic in aggregations of four. The 
.ong-vexed question of the formulation of silipoiF chloridef'ir 
inally settled : consideration of its chforine content demands 
he formula SiCl 4 , and the atomic weight for silicon of 28. 

To the law of Avogadro and Ampbre there were no excep- 
ions.^ Such anomalous cases as the vapour densities of am- 
monium chloride and phosphorus pentachloride, and the vapour 
iensity of sulphuric acid, urged by Mitscherlich and Bineau 
■espectively against its accuracy, and sufficiently cogent to 
)etray even the clear-sighted* Gerhardt into a relaxation 
lis two-volume rule, were readily explainable to the unpre- 
udi^ mind. •Deville’s experiments were sufficient to show 
hat ammonia and hydrochloric acid could exist together at a 
ligh temperature without combination ; *and it was much mqjp 
)robabie that the other anomalous cases so light-heartedly 
idvanced by chemists were merely cases of decomp<5Sition on* 
vaporization with recombination on cooling. So then the 
letermination of vapour density Wered final protiouncement 
‘ Cf. Ostwald’s Klassiker, 30, p. 44. 
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• on the question of molecular weight ; careful analysis would 
give at least an upper limit for atomic weight, while where 
doubt remained as to the number of atoms present in the 
molecule considered, there was great assistance offered by the 
■discovery of Woestyn and Gamier, that the specific heat of 

* atoms is uninfluenced by the state of combination ; one had 
only to divide the molecular heat of the compound by the 
approximation 6*4 to arrive at the number required. * 

It would seem Jhat there could be no longer any doubt as 
to the correct formulation of simple vaporizable substances; 
Vinter must be JfgO, methane CH4, acetic acid C2H4O2, hydro- 
gen Hg, mercury Hg; and inde&d it was not long before 
Cannizzaro’s admirably timed pamphlet produced its effect. " 
Seldom has intellectual revolution been effected without 
much clamour, jealousies, and backbitings ; but here was one, 
and almost the proftundest that has affected the philosophical 
chemist And how was it brought about? ‘‘To bring my 
students to the same conviction, lliave made them travel the 
same road by which I have arrived, that of the historical 
^ntestigatiom o^chemical theories.” 

De Chan. With the acceptance of Cannizzaro’s philosophy a compara- 
tive calm had settled on the minds of chemists; something 

classifica- of universal import had been achieved when from 

England, France, Germany^ and Russia there could emanate 
chemical literature tended by a common atiomic system. The 
carbon atom, at length revealed, was allowed such play that 
Organic chemistry was rapidly Assuming gigantic proportions ; 
while to those who loved to muse on figures the philosophy 
of Promt, the speculations of Dbbereiner and S’ettenkofgi^and 
the attitude of Dumas, suggested much lucubration, I have 
^pown men who, to while away the tedium of some lengthy 
sermon, will strive with the figures of the hymn-board to arrive 
"'at a coiijcidence or relation, and I have wondered at their 
initiative and industry. In such cases no one knows what 
will happen^ nor did de Chaxicourtois or Newlands know what 
would be the result of their plajr on Cannizzaro’s numbers ; 
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yet their achievements are historic. It was oniy aiier me 
final establishment of all the atomic weights that one could 
hope for any generalization covering all the elements con- 
ceived as atoms of known weight. Dobereiner had had to rest 
content with the discovery of his triads ; Pettenkofer with his 
multiples of eight and of five ; Dumas had finally divided the 
elements into three groups. But now, in 1863, B^guyer de 
Chancourtois ^ comes forward with his “natural classification 
of simple bodies or radicals.” Almost all the elements are 
there arranged according to the magnitucfe.of their atomic 
weights in sixteen perpendiplar columns; anci often it is that 
he finds elements in the s^me column exhibiting ^he very 
closest chemical analogies. But this system found no greater 
public than the conclave of the Paris Academy till agaii^ 
brought to light in 1889. 

In the Chemical News^ during the years 1863 and 1864, Newla 
there appeared seven letters from the pen of John A. R. 
Newlands,^ which had to 3 o with “ the relation among the 
equivalents”; their substance was a possible development 
of the field so industriously tilled loy Dobereing;r, Pettenkofer/*^ 
and Dumas. Finally, on August 18, *1865, he gives as the 
result of his labour his “ law of octaves,” only previously 
hinted at. He adds a table — 



No. 


No. 


No. 

Co 1 
Nii 

No. 


No. 


No. 


No. 


No. 

H 

I 

F 

8 

Ci 


^ 22 

Br 

29 

Pd 

36 

I 

42 

Ptj 
Ir j 

[50 

Li 

2 

Na 

9 

iC 

16 

Cu 

23 

Rb 

30 

Ag 

37 

Cs 

44 

Tl 

53 

j-a 

3 

Mg 

10 

Ca 

17 

Zn 

25 

Sr 

31 

Cd 

83 

•Ba j 
V j 

1 

; 4 S 

Pb 


3o 

4 

A 1 

II 

Cr 

• 

19 

Y 

24 

Ce > 
La J 

33 

u 

40 

Ta 

46 

Th 

56 

■f 

✓ 


12 

Ti 

18 

In 

26 

Zr 

32 

Sn 

39 

W 

47 

*PIg 

52 


6 

P 

13 

Mn 

20 

As 

27 

Di ? 
MoJ 

34 

Sb 

41 

m 

48 


55 

) 

7 

S 

14 

Fe 

21 

Se 

28 

Ro 1 
Rui 

,35 

Te 

43 

Au 

49 

Cs 

51 


-which shows how, with a few transpositions, elements 

® • 

^ Cf. Seubert, OslwaWs Klassiher^ 68, p. 118, 

® Cf. The Periodic LaWy by J, A. R, Newlands. 



Lothar 

Meyer’s 

contribu- 

tions. 


belonging to -the same natural group appear on the same 
horizontal line ; how “ numbers of analogous elements generally 
differ either by 7 or some multiple of 7 ; in other words, how 
members of the same group stand to each other in the same 
relation as the extremities of one or more octaves in music.” 
'][his peculiar relationship he would term provisionally the 
‘‘Law of Octaves.” Undoubtedly the law of octaves was a 
coiji^iderable achievement. It was a perfectly fair attemj)t to 
find some other t^an a mere arbitrary system of classification, 
and was, moreover, immediately justified by its results. It 
was the courage of inspiration that allowed him to make his 
few transpositions; they were mostly unfounded, but at least 
served his purpose, by which we have so much profited. 

•JNewlands gave an account of his scheme to the Chemical 
Society in 1866, It- was indeed very imperfect, and acute 
criticisms were offered; some of those present were even 
moved to humour. 

So many had given their attention to this question of the 
relationship of the atomic weights; so much had been dis- 
covered, aird ^ weighty was its issue, that Lothar Meyer neces- 
sarily devoted some pages of his Die Modeme 7 % Theorien der 
Chemie'^ to its consideration, and necessarily, with his mind, to 
its illumination. The first edition of this great work appeared 
in 1864, some years, therefore, after Cannizzaro had carried 
his reform; and Lothar Meyer was able, as no one before him, 
to apply to all the known elements these principles which 
Dobereiner, IJettenkofer, and others had so happily applied 
to the few. This was not yet, however; in 1864 he was 
content to point to the steady increment in atomic weight of 
elements belonging to the several groups, tetmvalent, tj ;^ yalent, 
divalent, or monovalent, an increment so constantly approxi- 
ppiating to 16 or 48, that he was reminded of the constant 
difference of 22 in the molecular weights of homologous 
organic*\:ompounds. It Mght be that the elements were, 
like these compounds, aggregates of smallest particles of 
simpler iiffatter; it certaiiSy seemed reasonable, in view of 
1 st edit., pp, 135-139. 
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ascertained fact, to leave gaps between two elements differing 
by twice the accustomed increment. Here is an extract from 
the table to which he committed himself at this date — 



Tetravalent 

Trivalent 

Divalent 





x/iiicrcncc — 

C = 12 

N = 14*04 

0 = i6*oo 

DiSfefence = 

i6-S ... 

i 6’96 

16-07 


Si = 28-5 

P=:3ro 

^3=32-07 

Difference = 

ai. 44-55 ... 

44'0 * .... 

46-7 



As = 75*0 

Se = 78-8 . 


V 


# 


— other vertical columns contained the monovalent halogen 
elements, the alkali metals and the divalent metals of th^ 
alkaline earths. Lothar Meyer's mind cc^tinued working on 
the atomic relationship, though he made no further ofScial 
pronouncement till 1870. ^ But in 1868,^ on leaving Ebers- 
walde, he left with his successor a table in which all the 
elements were arranged horizontally in the order of theh^ 
atomic weights. There were sixteen ^vertical ^oHimns, made 
up of elements exhibiting close chemical and physical analogies, 
and room was left for elements hitherto undiscovered, but 
whose presence seemed demanded by obedience to what could 
no longer be regarded as coincidence. Yet Meyer for long 
received little credit for his activity. The following year the 
Russian Mendelejeff, seeking for some general principle by which 
he might order the elements in his new text-book, published 
a short statement in the Zeitschriff fur Chemie^ and a very long 
one in a Russian journal, of what has now come to be known 
as fiarferiodiclaw. In the year following Lothar MeJ^er too, 
in very condensed form, gave information to the public of his 
investigations; he offered a full table of atomic weights^ 
nearly like Mendelejeff s that many accused him of ;^agiarism, 
yet so nearly like his own of 1868 that one would T>e almost" 
justified in allowing him priority at least of conception. The 

^ OstwaWs Klassiker^ 68, pp, 6-7, 

249 



question as to the real author of the Periodic law^ was 
probably best solved by the Royal Society of London, who 
awarded Lothar Meyer and Mendelejeff the Davy medal 
simultaneously. In his new paper ^ Meyer arranged the 
elements in nine vertical columns, into the second of which 
fell the elements successively from boron to magnesium, 
^elements showing a perfectly regular increase in valency. 
The elements on the same horizontal lines formed natural 
famuies, of^which 

f 

I II III IV V VI VII VIII IX 

N= 14-01 P=30-9 As= 74-9^ Sb= 122-1 Bi=207-s 

* V=5i-2 lft3=93-7 Ta=i82 2 

0=15-96 3=31-98 Se =78 Te=i28 

C 

are examples. Many spaces were necessarily left blank. 
But with the paper *there was published a curve, the ordinates 
of which represented specific volumes, the abscissse atomic 
weights. This curve wonderfully (femonstrated not merely the 
dependence of physical property on atomic weight, but the 
Te»y marke4 periodicity of This dependence. And now it was 
found that elements oP similar physical properties other than 
their atomic volumes occupied similar positions on the similar 
sections of the curve. The curve having five peaks occupied 
by the most electro-positive elements, the metals of the alkalis, 
the halogen elements were found immediately before the peaks, 
the metals of the alkaline earths immediately after. The heavy 
malleable metals were all at the bottom of the several valleys. 
Lothar Meyer Jid not allow that his table, suggestive as it was, 
or his curve, so happily conceived to impress so many em- 
pirical aObservations, offered a key to the intoff-relatio n^ i p of 
the elements. But it at least offered a point of departure for 
the investigation of the inner nature of the hitherto undecom- 
posed at<^ms, and, as it stood, might assist in correcting 
atomic weights doubtful by® the breaks they caused in lines 
of coincidence otherwise so perfect. He would suggest a 

^ Cf, Senbert, OstwaWs Klasdker, 68 . 

® Ihid^ ; also Ann, Chem. Fharm,^ 7, p. 354. 
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re-examination of the weights of the telluriiun, platinum; 
iridium and osmium atoms. 

There was little in the paper of Lothar Meyer whose Mend< 
essence was not in MendelejefTs ^ two papers, published the 
year previous, a fact duly noticed by the former. In the law. 
systematization of the elements for his new Principles of 
Chemistry MendelejefF wished to be guided by something 
more' certain than the mere instinct for the group ; he would 
have some absolutely determinable quality by which jto classify, 
md none seemed so irreproachable as tRe^ atomic weight 
ivhich Cannizzaro’s work had rendered available. And sq 
le arranged the elements i4 six vertical columns, ar|^ found 
hat by reasoned transposition here and omission there he 
vas possessed of a table which well served his purpose of* 
iystematization. Elements exhibited a certain periodicity in 
heir chemical and physical properties; those like to one 
mother had atomic weights increasing by constant values or 
ilmost identical. He was fed to prophesy the discovery of 
nany new elements, and could immediately set about the 
:orrection of atomic values that caused irregularijty. How- 
ver, he would consider the end of hii^ paper attained, as it 
.ifected the outside world, if he could turn the attention of 
hemists to the relationship between the atomic weights 
if dissimilar elements which had hitherto remained quite 
nheeded. And two years later, Mendelejeff had only the 
lore confirmed himself in his opinion, which he again pub- 
shed in much greater extension. ‘‘ I designate the Periodic 
iwf he says, ‘‘ the reciprocal relations between\he properties 
f the elements and their atomic weights ; these relations take 
^ periodic function.” His table had taken a,more 
ev^ped form — 
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The eighth group he differentiated because of the facility with 
which osmiunij ruthenium, and perhaps iron, form an oxide 
IIO4. As points of Similarity he marked their grey colour 
and difficult fusibility, their small atomic volumes, their power 
of condensing hydrogen and their permeability to it, the double 
cyanides they form with the alkali metals, and their animoniacal 
salts. The atomic weights of unknown elements he obtaineS 
by tdkifig the mean of the weights of what he called the 
analogn.es. The atom-analogues of selenium were ysenic and 
bromine on the one hand, sulphur and tellu]Su|n on the other ; 

its atomic weight should | 75 + = yg* 

• All properties being functions of atomic weight, he could 
estimate similarly the physical and chemical character of 
given element, known or unknown, from those of its atom- 
analogues. Mendelejeff did this for three^lements, which he 
provisionally termed eka-aluminium, eka-silicon, and cka- 
boron. One has but to caS: a glance on the following values 
to understand the glad acceptance finally rendered to the 
periodic law : — 


Eka-aluminium ^ 


Gallium 


Suggested by Mendelejeff 

Atomic weight, 68. 
Spec&c weight, 6*0. 
Atomic volume, 11*5. 


Discovered in by Lmq de 
Boisbaudran 

Atomic weight, 69*9. 
Specific weight, 5*^. 
Atomic volume, 117. 


Eka-boron 
Suggested by Mendelejeff 

Atomic weight, 44. 

Oxide, ; Sp.iGr., 37. 
Sul^te, Eb2(SOj3. 

Double sulphate not isomorphous 
with alum. 


ScAig)iUM 

Discovered in X879 ly Mlsm 

Atomic weight, 43*97. 

Oxide, ScjO, ; Sp. Gr., 3-864. 
Sulphate, Sc,(SOj,. 

Double sulphate, sKaSO^.Scj^O,),, 
Crystallizes in fine columns. 


Eka-silicon was finally discovered in 1886 by WinWer. 


And here we may end this shgrt, yet I hope conclusive as 
' Cf. Seubert, Os/malcTs Alassihr, 68, p. 133. 
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well as comprehensive, story. It is the story of some thousand 
years of almost fruitless labour, followed by two centuries of 
richest accomplishment And we recdgnize connecting links 
between the two periods. Fire was an element to the ancients, 
a belief that profited them little ; Stahl embraced it, renamed 
the element phlogiston, and gave soul to the work of the 
^eighteenth century. The conception of atoms was another 
gifHrom the past; it likewise had proved valueless; but'’ tried 
in the labpratoiy the conception became a theory, almost a 
certainty ; and tp-ciay we are furnished with intimate pictures of 
piost complex^ matter, A mere glance at these pictures, and 
we are possessed with knowledge of the potentialities of the 
substances they portray; we know they are acid, or that they'’ 
;are alkaline; we know they are stable, or that they are un- 
stable ; we know, in fact, what Kekuld knew, what Lavoisier 
did not know. Aifii even more intimate knowledge has come, 
and will come; we are linked with the sage of antiquity once 
again, by the common ideal of a (fne primordial substance ; we 
find once again barrenness in the past, wonderful fertility in 
presen*fcr ^It has been my pleasure to tell how this all 
came, pruning the story of what is not vital, striving to speak 
worthily of the thoughts and deeds of the great. 

I hope it will be my readers^ own fault if, having read 
carefully and generalized conscientiously, they do not in their 
future meditations see problems in a new and clearer light, and 
attack them with minds broadened by contact with those of 
their famous predecessors. 
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62 5 Wollaston’s tables of, 91 
Equivalents, Gerhardt’s, 176-7 ; 

Laurent’s definition of, I77“'8 
Ether, constitution of, 152-3 
Etherin theory, JC 39-41 ; Berzelius* 
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Molecule, Laurent’s definition of, 
177 

Murium, 58 
My^icism in writing, 3 


N 

Nascent action, Laurent’s explana- 
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of, 124-5, 126-7; Gay Lussac 
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composition of, 134-5 ; the 
atomic theory and, 136; com- 
posed of inorganic substances, 

137-8 
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stitution of, 215 

Organic salts, decomposition of, by 
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Organic substances, Dumas’ natural 
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hardt’s classification of, 194-5 
Organo-metals, 205-6 
Oximes, isomerism of, 228 
Oxygen, discovery of, 39-43 ; the 
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Prussian blue, 36 ; hydrogen as, 
40, 41, 44.; quantitative determi- 
nation of, in metals, t<}.6 ; value of 
theory of, 47 ; Lavoisier identifies 
carbon with, 51 

Phosphates, constitution of, 168-9 
Phosphorus, discovery of, 24 ; speci- 
fic gravity of its vapour, 115, 1 16 
Polar^ed light, discovery of, 219; 
its plane rotated by quartz, and 
organic substances in solution, 220 
Polybasicity, 168, 172 
Polymerism, 143 

Potash, differentiation of, from soda, 

35 ^ 

Principles, immediate, of organic 
matter, 132 

Proportion numbers, Davy’s, 91 
Front’s hypothesis, 93-4; Dumas 
and, 236, 242 ; Stas’ investi- 
gation of, 241-2 
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137-9, 150-151; 5^rzelius’ view 
of, 151-152 ; Liebig’s, 152 ; 
Liebig’s criteria of, 153; Ger^ 
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196 ; copulated, 362 
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ileagents, 45 

Residues, Gerhardt’s theory of, 192 
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Salt, definition of, 18, 24 ; conno- 
tation of the term, 26 


Salts, Rouelle’s classification of, ? 
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respecting, 166 

Saponification, explanation of, 133 
Saturation capacity, 201-2, 205-6 
Scandium, discovery of, 253 
Silicon, specific gravity of its vapour, 

114 • 

Silver, volumetric determination ^fr 
128 

Societd d’Arcueil, 129 ^ ^ 

Soda, its differentia^on from potash? 

35 \ 

Solution, fractional, 133 
Species, circumscripti^ of, 

Spiritus igno-aereus, 23 
Stereo-chemistry, of carbon com- 
pounds, 223-7’; of nitrofen 
compounds, 227-8; *of inor- 
ganic compounds, 229 
Substitution, 156-8, 160; Berze- 
lius’s attitude towards, 159-160; 
criticisms on its theory, 162 
Stigar, in beet root, 34 ^ • 

Sulphur, volume imposition of its 
oxides, 89-91 ; specific gravity of 
its vapour, 115-116 
Synthesis, proof of organic com- 
position by, 126 


Tartaric acid, its effect on p^- 
rized light, 226-1 
Tautomerism, 229-31 « 

Terra pinguis, 27 • 

Text books : Lemery’s •Cmrs Jle 
Chimie^ 24; Lavoisier’s^ 

^ EUmentaire, 57; ftalton’^^iJV"^^ 
System^ 68 ; Berz^us’ Lehrhuck^ 
81 ; English and French, 81 ; 

I Turner’s Ekmenti, 117 J Gmelin’s 
Ilandbuch, 159; Gerhardt’s Traiti 

6s; 



4 ^ Ohimie Orgatiique^ 182, X94 ; 
Meyer’s Modermn Thmrien^ 248 ; 
Mendelejeff’s Principles of Cke^ 
mistry^ 251 

Tin, calcination of, 51 ; specific 
gravity of its vapour, 114 
Transmutation, evidence for, 3 
Triads, Ddbereiner’s, 232-4, 236; 

Lcnssen’s, 238 
roopomerism, 231 
Two volijine standard, 174-6 
‘Jype, the marslvgas, 212 
Types, Dumas’ chen^cax and me- 
chanical, 161-2 ; Q-erhardt’s, 195 ; 
'4:^ble and triple water, 210-11 % 
Kt aniShmixed, 213 


U 

Unitary system, Gerhard'i’s, 193 
Urea, artificial production from 
ammonium cyanate, 143 


V 

Vacuum ^andard, reduction of 
weighings to, 234 
Valency, 201-2, 205-6 
Vapour density, Dumas’ appaiatus 
for determining, 1 12-14; Ber- 
zelius’ criticism on Dumas’ 
conclusions from, 114, 
anomalous cases of, 245-6 * ^ 

Vegetation, its effects on air, 40 
Vital force, in organic chemistry, 122 
Vitriol, derivation of the word, 26 
Volurne atoms, Berzelius discards 
tl^ idea of, 95 
Volume weights, 88 


W 

Water, composition of, 41-2 j its 
fetmula, 174-6 
Water type, 189-190 


THE END 
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